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Closed-fracture acidizing (CFA) is a well stimulation technique that can be applied 
to stimulate carbonate reservoirs at the end of acid fracturing treatment to enhance the 
connectivity between the acid-fracture and the wellbore. In CFA, acid is injected in the 
closed-fracture at rates lower than the fracturing pressure to dissolve the minerals that 
exist in the fracture; hence, it enhances the fracture conductivity. Etching of fracture 
surfaces and propagation of wormholes from the fracture are often associated with CFA 
operations. The objective of this study is to develop a robust model that can capture the 
dissolution process and wormholing phenomenon that occur during CFA. 
 In this work, CFA model is developed using computational fluid dynamics (CFD) 
techniques coupled with the two-scale continuum model that can predict accurately the 
reactive flow mechanisms of hydrochloric acid (HCl) in carbonate formations. Multiple 
CFA models are constructed and populated with the actual porosity distribution profiles 
of calcite and dolomite formations. Then, the developed model is validated using the 
results of the experimental work done on the API fracture-conductivity apparatus. 
Sensitive analysis is carried out for several parameters that affect the performance of CFA 
in carbonate formations. 
 Two-scale continuum model has successfully captured the dissolution patterns and 
wormholing phenomenon that occur in the CFA through the model validation study. 
Several parameters have been investigated to study their effects on CFA operation in 




significantly to the performance of CFA in calcite formation that exhibits the diffusion-
controlled reaction regime. On the other hand, high acid concentration needs to be injected 
in dolomite formation for an efficient stimulation job. Well geometry, formation 
permeability, and fracture conductivity have great effects in controlling the acid flow in 
the medium and the acid leakoff process that induces wormholes in the domain. 
 The developed CFD model was able to predict the performance of CFA in 
carbonate formations that exhibit degrees of heterogeneities and natural fractures. The 
model was upscaled to establish a qualitative relationship that can relate the acid volumes 
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[Ca2+] Calcium concentration, n/L3, mol/L 
[H+] Hydrogen concentration, n/L3, mol/L 
[Mg2+] Magnesium concentration, n/L3, mol/L 
a Parameter in Freundlich isotherm, 1/T, K-1 
av Interfacial area available for reaction per unit volume of the 
medium, 1/L, m-1 
avo Initial interfacial area per unit volume of medium, 1/L, m
-1 
C0 Acid concentration at wormhole entrance, n/L
3, mol/L 
CaCl2(aq) Calcium chloride in aqueous-phase 
CaCO3(s) Calcium carbonate in solid-phase (Calcite) 
CaMg(CO3)2(s) Calcium-Magnesium carbonate in solid-phase (Dolomite) 
Cf Original acid concentration in fluid phase, n/L
3, mol/L 
CFA Closed-Fracture Acidizing 
CFD Computational Fluid Dynamics 
CO2 Carbon dioxide 
Cs  Acid concentration at fluid-solid interface, n/L
3, mol/L 
De Effective dispersion tensor, L2/t, m2/s 
DeT Transverse dispersion coefficient in the y- and z- directions, L2/t, 
m2/s 
DeX Longitudinal dispersion coefficient, L2/t, m2/s 





DREC Dissolved rock equivalent conductivity, L3, m3 
E Activation energy, mL2/nt2, J/mol 
Fc Fracture conductivity, L
3, m3 
GPM Gallons per minute 
H2O(l) Water phase 
HCl Hydrochloric Acid 
HPD High-Permeability Dolomite 
K Permeability tensor, L2, m2 
kc Local mass transfer coefficient, L/t, m/s 
kf Fracture permeability, L
2, m2 
Ko  Initial permeability tensor, L2, m2 
ks Dissolution rate constant, L/t, m/s 
kso Frequency factor, L/t, m/s 
LPD Low-Permeability Dolomite 
MgCl2(aq) Magnesium chloride in aqueous-phase 
n Reaction exponent 
NDa Damköhler Number, Dimensionless 
Nki Kinetic Number, Dimensionless 
NPe Peclet Number, Dimensionless 
p pressure, mL-1t-2, Pa 
PVBT Pore volumes to breakthrough 




R(Cs) Reaction rate of acid-matrix, n/t/L
2, mol/s/m2 
Rep Pore scale Reynold’s number, dimensionless 
RES Rock embedment strength, mL-1t-2, Pa 
rp Pore radius, L, m 
rpo Initial pore radius, L, m 
rw Wormhole radius, L, m 
Sc Schmidt number, dimensionless 
Sh Sherwood number, dimensionless 
Sh∞ Asymptotic Sherwood number, dimensionless 
T Absolute temperature, T, K 
u Superficial velocity vector, L/t, m/s 
vL acid leakoff velocity, L/t, m/s 
wf Fracture width, L, m 
Xm Parameter in the Freundlich isotherm, mL
2/nt2, J/mol 
α Acid dissolving power, m/n, g/mol 
αos Constant that depends on structure of porous medium (pore 
connectivity) 
β Pore expansion parameter 
γ Pore-connectivity parameter 
ε Porosity of the medium 
λT Constant in the transverse dispersion correlation 
λX Constant in the axial dispersion correlation 




ρ Fluid density, m/L3, kg/m3 
ρs Rock matrix density, m/L
3, kg/m3 
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Acid stimulation in carbonate formations is a widely used stimulation technique to 
enhance the productivity in carbonate formations by either creating wormhole channels 
with high permeability (matrix acidizing; injection rates below formation fracture 
pressure) or by creating a conductive fracture with the acid differentially etching the 
fracture faces in a non-uniform manner (acid fracturing; injection rates above formation 
fracture pressure). Hydrochloric acid (HCl) reacts with carbonate formation which 
consists mainly of calcite and dolomite minerals according to the following reactions: 
2HCl(aq) + CaCO3(s)
⏞    
Calcite
→ CaCl2(aq) + H2O(l) + CO2(g) 
4HCl(aq) + CaMg(CO3)2(s)
⏞          
Dolomite
→ CaCl2(aq) +MgCl2(aq) + 2H2O(l) + 2CO2(g) 
Carbonate formations exhibit unique features such as vugs (large pores) and 
natural fractures (high permeable channel) which interfere with the flow path and have 
significant effects on the production/injection. Also, carbonate formations can be tight 
formations which are characterized by their very low transmissibility (Permeability x 
Thickness) and hence, they require an advanced production stimulation technique to 
extract the hydrocarbon inside them. The common industry practice to deal with tight 
                                                 
1 Partially reprinted with permission from “Acid Wormholing in Multistage Acid Fractured Wells 
Completed in Tight Naturally Fractured Dolomite Formation: Benefits and Impacts on Acid Fracturing 
Stimulation Design” by K. Aldhayee, M. Ali, and H. Nasr-El-Din, 2019. SPE-191440-18IHFT-MS, 




carbonate reservoirs is to implement the acid fracturing technique in which a viscous pad 
is injected first to create a hydraulic fracture with certain geometry then followed by the 
acid system to dissolve part of the fracture walls, etching the faces before the fracture 
closure to create highly conductive channels inside the fracture. This process requires 
certain conditions to be satisfied for the treatment to be successful, these conditions are 
minimizing the leak-off rate of the acid and distributing the acid evenly across the fracture 
so that it will not be consumed only in the entry of the fracture and it can reach the fracture 
tip, this can be done by using the gelled acid or emulsified acid which are characterized 
by their high viscosity and their slow reaction rate with the carbonate. 
Another practice in stimulating carbonate formation is closed fracture acidizing 
(CFA) technique in which acid is injected at matrix acidizing rates in closed fracture that 
was previously created by acid fracturing to further etch the fracture faces and enhance 
the connectivity between wellbore and hydraulic fracture. The previous works on CFA 
technique involve also the minimization of leak-off rate by utilizing retarded acid system 
(gelled acid or emulsified acid) to achieve this target, but because of the nature of fracture 
geometry and conductivity, fractures exhibit small flow diameter which promotes a 
turbulent flow in its flow path and thus, wormholes will be created in perpendicular 
direction to the fracture by the leak-off of the acid. Minimizing of the acid leak-off in the 
closed fracture was always the main concern in conducting CFA operations and preventing 






1.2. Literature Review 
1.2.1. Modeling of Acid Fracturing 
Acid fracturing modelling is a challenging process since there are a lot of 
mechanisms occurring simultaneously, these mechanisms are 1) the propagation of 
hydraulic fracture in the formation. 2) Acid transport from the stimulation fluid to the 
fracture walls and the reaction kinetics between them. 3) Induction of fracture conductivity 
and its decline under closure stress. Each mechanism requires essential properties and 
informational inputs in order to be able to model it, these inputs include reservoir rock and 
fluid properties, geomechanical properties of the formation and the stimulation fluid, 
reaction kinetics and stoichiometric properties of the acid system and the formation, and 
the statistical mineralogy including the distribution of permeability. 
The design of acid fracturing has different approaches and methodologies 
including: 1) Empirical correlation from laboratory study (Nierode and Kruk, 1973). 2) 
Fracture propagation from hydraulic fracturing models to induce a fracture, and then 
utilizing acid transport and kinetics models to simulate differential etching and 
conductivity (Lo and Dean, 1989; Settari, 1993; Mou et al., 2010; Deng et al., 2011; Oeth 
et al., 2011; Zhu et al., 2013). 3) Forward Approach (Ueda et al., 2016) to diagnose and 
evaluate the post-stimulation treatment of acid fracturing. The previous models included 
the effect of acid leak-off superficially but have not investigated thoroughly the effect of 






1.2.2. Acid Fracturing Conductivity 
The key factor for a successful acid fracturing treatment is the ability of the acid 
to etch the fracture surfaces efficiently to create asperities and rough surfaces that support 
the fracture during the closure and create the fracture conductivity. Fracture conductivity 
can be defined by Eq. 1.1, 
𝐹𝑐 = 𝑘𝑓𝑤𝑓……………………………………………………………………………..(1.1) 
Where Fc is fracture conductivity, kf is fracture permeability and wf is fracture width. An 
acid fracture conductivity correlation was developed by Nierode and Kruk (1973) based 
on laboratory experiments on core samples that were fractured in tension to induce rough 
surfaces on them. The developed correlation is described by Eq. 1.2, 
𝐹𝑐 = 𝐶1𝑒
(−𝐶2𝜎𝑐)……………………………………………………………………….(1.2) 
Where σc is formation closure stress. C1 and C2 are constants that can be described by Eq. 




[19.9 − 1.3 ln(𝑅𝐸𝑆)] × 10−3, 𝑖𝑓             0 < 𝑅𝐸𝑆 < 20,000 𝑝𝑠𝑖
[3.8 − 0.28 ln(𝑅𝐸𝑆)] × 10−3, 𝑖𝑓 20,000 ≤ 𝑅𝐸𝑆 ≤ 500,000 𝑝𝑠𝑖
……………(1.4) 
Where DREC is dissolved rock equivalent conductivity and RES is rock embedment 
strength. The assumption made for this correlation is that fracture conductivity is directly 
proportional to the amount of etched rock and inversely proportional to formation closure 
stress in an exponential manner. The correlation is accepted broadly and commonly used 
in the oil industry. Many researchers conducted acid fracturing experiments to tune and 




the constants imposed in the correlation (Gangi, 1978; Walsh, 1981; Gong et al., 1999; 
Pournik et al., 2009). 
1.2.3. Closed-Fracture Acidizing 
Fredrickson (1986) developed the closed-fracture acidizing (CFA) technique to 
enhance the performance of conventional acid fracturing that could be declined by the 
low-conductivity development in the acid fracture or conductivity-decline caused by high 
closure stress circumstances (Valko, 1998). CFA is a technique in which acid is injected 
in a closed fracture at rates lower than formation fracture pressure to partially-dissolve the 
matrix existed in the fracture and enhance the connectivity between the fracture and 
wellbore, the closed fracture can be natural or hydraulically generated by proppant 
fracturing or acid fracturing (Knox and Fredrickson 1973, 1974; Broaddus and 
Fredrickson 1975). 
Fredrickson (1986) investigated the effect of CFA under laboratory and field 
conditions and found that CFA can enhance the fracture conductivity by a factor of six, 
but it is highly dependent of formation type. Anderson and Fredrickson (1989) introduces 
a new laboratory methodology for dynamic acid etching test to incorporate and optimize 
CFA in acid fracturing treatments, and it was found that conventional acid fracturing 
yields very low conductivity at high closure pressure resulting in crushing the asperities 
on fracture faces; while CFA yields relatively high conductivities that withstand high 
closure pressures. Sollman et al. (1990) concluded that fracture conductivity followed by 
CFA increased to values more than 100,000 md-ft through well tests analysis, and it was 




by linear flow of acid in the fracture associated with conductive wormholes resulted by 
acid etching. Several field cases demonstrate the success of CFA in enhancing the 
performance of acid fracturing and sustained high-productivity for a long period of time 
using different acid systems such as plain acid, gelled acid and emulsified acid (Sizer et 
al., 1991; Bartko et al., 1992; Wang et al., 2003; Garzon et al., 2008; Nasr-El-Din et al., 
2009; Inda et al., 2009; Sarma et al., 2017). Pournik et al. (2011) introduces a new 
laboratory apparatus to conduct several CFA tests on acid fractured cores, it was 
demonstrated that acid system with low polymer concentration of 1.5 wt% yields very 
high fracture conductivity when acid leakoff was allowed as it was observed that CFA 
generates large wormholes in the direction of acid leakoff which enhances the 
permeability around the fracture face. Acid injection rates used in CFA range between 1 
– 10 bpm according to several field application on acid fracturing treatment or multistage 
acid fracturing treatment (Itoua et al., 2015; McDuff et al. 2016; AlOtaibi et al., 2017; 
Mofti et al., 2018). 
1.2.4. Wormholes Propagation Models 
The aim of carbonate acidizing is to bypass the damaged zone around the wellbore 
and to create conductive channels by the dissolution of the rock matrix which is known as 
wormholes. Previous works on the wormholing phenomena were focused on matching the 
optimum injection rate and minimum pore volume to breakthrough (PVBT) with the 
experimental results from coreflood experiments and try to reproduce the same acid 
efficiency curve. Among these works are the ones conducted by several researchers 




1993, Buijse 2000; Liu et al. 1997; Huang et al. 1997; Fredd and Fogler 1998, 1999; 
Golfier et al. 2002; Panga et al. 2002, 2005; Buijse and Glasbergen 2005; Kalia and 
Balakotaiah 2007, 2009; Izgec et al. 2010; Maheshwari et al. 2012, 2016; Furui et al. 2012; 
Tansey 2014; Wu et al. 2015; Ghommem et al. 2015, 2016; Akanni et al. 2017; Schwalbert 
et al. 2017; Mahrous et al. 2017; Beletskaya et al. 2017).  After extensive consolidation of 
carbonate acidizing models done by Akanni and Nasr-El-Din (2015) which summarize 
their applications and limitations, those models can be divided into seven categories: 1) 
Capillary tube approach. 2) Damköhler number approach. 3) Transition pore theory. 4) 
Network models. 5) Péclet number approach. 6) Semi-empirical approach. 7) Two-scale 
(averaged continuum) models.  
The two-scale model is the most accurate model in producing different dissolution 
patterns between the acid system and carbonate rocks, and it can precisely match the 
optimum injection rate and PVBT with the experimental results. It was introduced first by 
Liu et al. (1997) for modelling of sandstone acidizing. Subsequent works regarding this 
model after that show the capabilities of the model to capture the dissolution process of 
carbonate and reproduce the wormholing phenomena occurring in the rock. Even though 
their model was able to depict the creation of wormholes in carbonates, the effect of mass 
transfer on the reaction rate was ignored. A three dimensional linear model for carbonates 
acidizing was developed by Golfier et al. (2002) but the reaction kinetics between the rock 
matrix and the acid system was not taken into consideration. Panga et al. (2002, 2005) 
developed a 2D two-scale model where both the effect of mass transfer and reaction 




by Kalia and Balakotaiah (2007) and 3D radial flow by Cohen et al. (2008). Maheshwari 
et al. (2013) extended the model to simulate and cover wide range of three-dimensional 
applications, their model demonstrates good matching results with Fredd and Fogler 
(1998) experimental data. A uniform porosity distribution was imposed in their model 
with the incorporation of Carman-Kozeny correlation and modifying the correlation 
exponents to match the experimental results. Although the model was capable of matching 
PVBT with the experimental results, the tortuous dissolution patterns were not captured 
in the model. 
Liu et al. (2012) investigated the effect of normally distributed porosities versus 
uniformly distributed porosities on the wormholing phenomena with radial coordinates. 
Through this investigation, the results varied significantly on PVBT between the two cases 
indicating the significant effect of heterogeneity on the acidizing process. And then, Liu 
et al. (2016) extended the work and imposes spatial correlation for porosity distribution, 
the resulted wormholes were close to the uniform distribution scenario and the results 
depict the wormholing phenomena that occurred in the experimental results. Panga et al. 
(2002, 2005) model described the fluid flow by Darcy’s equation, while De Oliveira et al. 
(2012), Wu et al. (2015), Akanni et al. (2017) and Schwalbert et al. (2017) used Navier-
Stokes equations to describe the flow in the two-scale model. A comparison of wormholes 
simulation was made by Wu et al. (2015) between Darcy’s equation and Darcy-Brinkman-
Frochheimer (DBF) equation which is an extended form of Navier-Stokes equation, the 
results show that DBF equation depicts precisely the wormholing phenomena occurred in 




the simulation time using Navier-Stokes equation at very high injection rates was faster 
than using Darcy’s equation (Maheshwari and Balakotaiah 2013).  
Akanni et al. (2017) and Ali and Nasr-El-Din (2019) demonstrated how robust the 
model is when simulating the wormholing phenomena on both limestone and dolostone 
respectively. According to their results and how accurate the model they used in depicting 
the wormholes propagation in carbonate acidizing, this computation fluid dynamic model 
will be used in this study to conduct the simulation of wormholes propagation during CFA 
operations. 
1.2.5. Modeling of Acid Leakoff 
Uncontrollable acid leakeoff is considered the most important factor in limiting 
live acid penetration distance and fracture propagation (Economides and Nolte, 2000). 
Acid leakoff process was investigated superficially by several researchers (Nierode and 
Kruk, 1973; Crowe et al., 1989; Settari, 1993; Hill et al., 1995; Zhang et al., 2014). 
Wormholes are created and propagate through the fracture during acid leakoff in acid 
fracturing. Many methods have been developed to reduce acid leakoff, such as adding 
leakoff control additives to the acid (Houchin et al., 1986; Al-Ismail et al., 2008; Jauregui 
et al., 2011). 
Other proposed methods are to increase the acid viscosity and optimize the 
injection procedure. Until now, there is no model that can simulate the acid leakoff 
quantitatively to depict the wormholes propagated from the fracture faces. Mou and Zhang 
(2015) developed a model of acid leakoff for the multistage alternate injection of pad and 




optimized the injection stage, the model was based on the two-scale model developed by 
Panga et al. (2002, 2005). The effects on formation heterogeneity and fracture 
conductivity were not considered in the study, and the study was concentrated on the pad 
characteristic in terms of pad viscosity and the effect of crosslinked fluid in order to 
minimize the wormholes propagation and acid leakoff. 
1.2.6. Impact of Natural Fractures 
The presence of natural fractures promotes difficulty in designing hydraulic 
fracturing treatments. Tight carbonate reservoirs usually associated with significant 
number of natural fractures (Nnanna and Ajienka 2005; Abass et al. 2007; Jahediesfanjani 
and Civan 2006). It is not preferred to apply proppant fracturing in naturally fractured 
carbonate formations since it is always been an issue in the placement of proppants in 
these kinds of formations that exhibit complex fracture geometry with tortuous paths and 
high stress environment (Kalfayan, 2008). Modelling of fluid flow in naturally fractured 
formation should incorporate equations that solve simultaneously the fluid flow in porous 
medium and free-flow domains (Brinkman 1949; Arbogast and Brunson 2007; Popov et 
al. 2007; Yao et al. 2010). Dong et al. (1999) investigated the flow of acid in single fracture 
experimentally, and it was concluded that etching pattern is highly dependent of fracture 
width. Then, a mathematical model was developed based on the experimental results to 
predict acid propagation in the presence of natural fractures (Dong et al., 2001), and it was 
concluded that the presence of natural fractures yields deeper acid propagation. A 3D 
linear model was developed by Chen et al. (2018) to investigate the effect of fracture 




larger and transversal fractures to the direction of flow require larger acid volumes. Then, 
the model was extended to incorporate for the effect of temperature by Ma et al. (2018) 
and the same conclusion was drawn in their work that the presence of natural fractures 
that are normally distributed requires fewer acid volumes. Ugursal et al. (2018) developed 
a model for acid fracturing in the presence of intersected natural fractures perpendicular 
to the hydraulic fracture and studied the effect of natural fractures width, length, density 
and acid injection rate on the hydraulic fracture conductivity assuming a negligible acid 
leakoff from the hydraulic fracture through the matrix, it was found that the presence of 
natural fracture yielded different results depending on fracture geometry and density. Mou 
et al. (2019) developed a 2D statistical model to simulate wormholes propagation in 
naturally fractured carbonate utilizing Monte Carlo method and two-scale continuum 
model to distribute natural fractures in the model with different orientations and densities. 
Several field cases demonstrate the design of acid fracturing treatment with CFA for 
naturally fractured carbonate reservoirs (Perez et al., 1998; Wang et al., 2003; Xu et al., 
2007; Guillot et al., 2016) as a diverting stage was always included in the design of acid 
fracturing using viscoelastic surfactant-based system or polymer-based system to mitigate 
the acid leakoff in the fracture.  
1.2.7. Impact of Temperature 
Well stimulation techniques depend significantly on formation temperature and 
the temperature of the treatment fluid. Heat transfer and cooling effect induced by the 
injected fracturing fluid during acid fracturing treatment can reduce the temperature of the 




corrosion inhibitor intensifiers (Nasr-El-Din et al., 2003). Temperature affect the diffusion 
coefficients and the reaction rate between the acid system and the formation in which it 
accelerates the reaction and the dissolution process of acid treatment. Conway et al. (1999) 
developed a correlation shown on Eq. 1.5 that can efficiently predict the diffusivity of 













 Where D is the diffusion coefficient, T is the temperature, [Ca2+] is calcium 
concentration, [Mg2+] is magnesium concentration, [H+] is hydrogen concentration, A 
equals -2918.54, B equals -0.589, C equals -0.789, D equals 0.0452, and E equals -4.995 
for HCl. Fig. 1.1 shows the diffusion coefficient of HCl as a function of temperature and 
acid spending generated from Eq. 1.5 (Conway et al., 1999). 
 Temperature accelerates the reaction between the acid system and the rock 





 Where ks is the surface reaction rate constant, A is the frequency factor or pre-
exponential constant, EA is the activation energy, and R is the gas constant. Lund et al. 
(1975) measured the activation energy of HCl-calcite reaction which equals 62.8 KJ/mol. 





Fig. 1.1 – 15 wt% HCl diffusivity for reaction with calcite at different temperatures 
and acid concentrations (Conway et al., 1999). Reprinted with permission from 
SPE-56532-MS. 
 
In acid fracturing, many researches developed heat transfer models in the fracture 
during acid fracturing treatment to account for heat flux and leakoff rate of fracturing fluid 
that affect the heat transfer and cooling effect from the induced fracture to the formation 
(Wheeler, 1969; Whitsitt and Dysart, 1970). Also, many researchers investigated the effect 
of heat that generated from the acid-rock reaction that takes place at the surfaces of the 
fracture. It was found that the heat generated from the reaction can raise the fracture 
temperature up to 60°F which affect the dissolution process during acid fracturing 
operation and the resulted acid etching pattern (Guo et al., 2014). Matrix acidizing and 
acid fracturing in high temperature environment imposes a great challenge in conducting 
successful stimulation treatment as the reaction between the acid and the formation is 
incontrollable and can interfere with the integrity of downhole equipment due to high 




1.3. Research Objectives 
The objective of this study is to develop a robust CFD model for CFA operation 
in calcite and dolomite formations that can predict the performance of CFA in terms of 
the associated dissolution process and wormholing phenomenon occur in the acid-fracture 
utilizing the two scale continuum model (Panga et al. 2002, 2005) with formulation of 
Navier-Stokes equation. To study the effect of formation heterogeneity and different 
mineralogy, the developed CFA models were populated with the porosity distributions 
profiles that belong to actual core samples of calcite and dolomite formations. A fracture-
conductivity model was developed to depict the API fracture-conductivity apparatus for 
model validation purposes in matching the results of the experimental work done by 
Pournik et al. (2013). The simulation runs that were used for CFA-Calcite model are 
conducted to study the effects of different parameters on the performance of CFA 
including acid injection rate, acid concentration, fracture conductivity, and formation 
temperature, and a parametric study is conducted accordingly. An analysis of 
dimensionless quantities is conducted to have a better understanding to the mechanisms 
governing the dissolution process and wormholing phenomenon associated with CFA 
operation. For the CFA-Dolomite models, three main models are developed for this study 
which are the high-permeability dolomite (HPD) vertical well model, the HPD horizontal 
well model, and the low-permeability dolomite (LPD) horizontal well model. These three 
models are used to conduct a parametric study on the effect of well geometry, formation 
permeability, fracture conductivity, presence of natural fractures, and model upscaling in 






2.1. Two-Scale Continuum Model 
2.1.1. Model Description 
Closed-fracture acidizing was modeled using two-scale continuum model. A 3D 
computational fluid dynamic (CFD) model was developed using ANSYS FLUENT to 
cover the reactive flow of acid during CFA, where Navier-Stokes equation was utilized to 
describe the flow field. The reaction parameters and the evolution of porosity have been 
calculated using the user-defined functions that were provided to the simulator in order to 
model acid propagation during CFA. 
2.1.2. Darcy-Scale Equations 
In this section, Darcy-scale equations are demonstrated for the two-scale 
continuum model that describe the nature of the flow in porous medium. Navier-Stokes 
equation is coupled with the Darcy-scale equation to formulate the fluid flow field as 
described in Eq. 2.1, 
𝜕(𝜌𝒖)
𝜕𝑡




 Where u is the superficial velocity vector, ρ is the fluid density, p is the fluid 
pressure, μ is the fluid viscosity, and K is the permeability tensor. Eq. 2.1 illustrates the 
change in momentum through the change of momentum rate and the change in advective 
                                                 
2 Partially reprinted with permission from “Acid Wormholing in Multistage Acid Fractured Wells 
Completed in Tight Naturally Fractured Dolomite Formation: Benefits and Impacts on Acid Fracturing 
Stimulation Design” by K. Aldhayee, M. Ali, and H. Nasr-El-Din, 2019. SPE-191440-18IHFT-MS, 




acceleration as described in the left-hand side of the equation. It also accounts for the fluid 
forces described by the three terms in the right-hand side in which the first term represents 
the pressure drop, the second term represents the diffusive transport, and the third term 
represents the Darcian losses of the flow. The inertial term is included for the fluid flow 
in the fracture. The flow in porous medium is described by Darcy flow accounting for the 
permeability of the medium. The flow in the wormholes is diffusion-dominant and it 
follows the flow patter of Navier-Stokes formulation. 
 The continuity equation is described in Eq. 2.2 as a result of mass equilibrium of 
fluids in the mass balance constitutive equation. It represents the local change in volume 
during the dissolution process of porous medium as following, 
𝜕𝜀
𝜕𝑡
+ 𝛻 ∙ 𝒖 = 0………………………………………………………………………...(2.2) 
 The governing equation of acid species transport from bulk fluid to the surface is 







+ 𝒖.𝛻𝐶𝑓⏞  
𝐴𝑐𝑖𝑑
𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛
= 𝛻 ∙ (𝜀𝑫𝒆 ∙ 𝛻𝐶𝑓)
⏞        
𝐴𝑐𝑖𝑑
𝐷𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑜𝑛
− 𝑘𝑐𝑎𝑣(𝐶𝑓 − 𝐶𝑠)






Where ε is medium porosity, Cf is the acid concentration in the bulk, Cs is the acid 
concentration at the fluid-solid interface, De is the effective dispersion tensor, kc is the 
local mass-transfer coefficient, and av is the available interfacial area for reaction per unit 
volume of porous medium. De and kc can be calculated from correlations utilizing the 




coefficients (Gupta and Balakotaiah, 2001; Balakotaiah and West, 2002) as described in 




= 𝑆ℎ∞ + 0.7𝑅𝑒𝑝
1/2
𝑆𝑐1/3………………………………………………….(2.4) 
















Where Sh is the Sherwood number, which is defined by dimensionless mass 
transfer coefficient, rp is the pore radius, Dm is the acid diffusivity, shꝏ is the asymptotic 
Sherwood number, Rep is the pore scale Reynold’s number which is defined as in Eq. 2.7,  
Sc is the Schmidt number which is defined as in Eq. 2.8, ν is the kinematic viscosity, αos 
is the pore connectivity constant, DeX is the longitudinal dispersion coefficient, DeT is the 
transversal dispersion coefficient in the y- and z- directions, λX and λT are constants based 
on porous medium structure. The transport phenomena governed by diffusion and 
advection processes are incorporated in those demonstrated correlations (Maheshwari and 
Balakotaiah, 2013). 
Eq. 2.9 demonstrates the reaction rate that establishes equilibrium between the 
amount of acid transported from the bulk to the surface and the amount of acid species 
reacted at the surface. 




 The porosity evolution during the dissolution process is described by Eq. 2.10 








 Where R(Cs) is the reaction rate of the acid-rock system, ρs is the rock density, and 
α is the acid dissolving power. The reaction rate R(Cs) can also be described as in Eq. 2.11 




 The dissolution rate constant (ks) and the reaction exponent (n) can be calculated 
from Eq. 2.12 and Eq. 2.13 for hydrochloric acid (HCl) and dolomite system using Lund 









 Where kSO is the frequency factor, E is Arrhenius activation energy, R is the ideal 
gas constant (8.314 J / mol. K), T is the absolute temperature, and a and Xm are Freundlich 
isotherm parameters. For a system composed of hydrochloric acid and calcite, the reaction 
exponent is equal to 0.63 as recommended by Lund et al. (1975). 
2.1.3. Pore-Scale Equations 
Two-scale continuum model considers the reaction of acid with the porous 
medium at pore scale. The dissolution phenomenon caused by acid propagation in the 




medium, pore-radius distribution, and interfacial surface area per unit volume. Carman-
Kozeny (1956) correlation incorporates all these mathematical relationships between the 
porosity and rock properties. Maheshwari and Balakotaiah (2013) coupled Carman-


































 Where γ and β are matching parameters for specified porous medium that 
correspond to pore-connectivity and pore broadening, respectively. 
 
2.2. Solution Method 
2.2.1. Model Implementation 
Two-scale continuum model with Navier-Stokes formulation was implemented 
using ANSYS FLUENT, a computational fluid dynamics platform with several numerical 
schemes that can solve the set of governing equations in the two-scale model efficiently. 
The solution algorithm is constructed in a way to solve the momentum, mass continuity 
and the acid-transport equations in the closed-fracture and the rock-matrix at the Darcy 
scale. The algorithm is coupled with user-defined functions and routines formulated using 
C programming language to solve the equations of pore-scale in the two-scale continuum 




combining the flow equations in the pore-scale with the Darcy-scale. Fig. 2.1 
demonstrates the workflow of the solution algorithm and the sequence of equations solved 
in the two-scale model. The simulation models were run on Texas A&M University 
(TAMU) High Performance Research Computing (HPRC) clusters to benefit from the 
parallel processing. 
 
Fig. 2.1 – Workflow of solution algorithm illustrating the sequence of equations 
solved and the updated properties. 
 
2.2.2. Numerical Scheme 
The solution technique adapted to solve two-scale continuum model is the finite 
volume method that is formulated in the utilized computational fluid dynamics platform. 




























equations in the Darcy-scale and pore-scale of closed-fracture acidizing model. The 
system of partial differential equations that forms the backbone of two-scale continuum 
model is converted to its corresponding integral form that preserve the mass conservation 
laws, and then converted to system of algebraic equations that are solved simultaneously 
and numerically using finite volume method. 
The utilized pressure-velocity coupling technique is Pressure-Implicit with 
Splitting of Operators (PISO). The PISO algorithm is an enhanced numerical version of 
Semi-Implicit Method for Pressure Linked Equations (SIMPLE) scheme to solve Navier-
Stokes equation with the advantage of less required iterations and larger time steps that 
optimize the computational efforts. PISO scheme is recommended to solve a system of 
multiple transport phenomena associated with the reactive flow that is in transient state. 
Fig. 2.2 summarizes the workflow of PISO scheme in solving two-scale continuum model. 
The acid consumption during the dissolution process and the bulk concentration is 
calculated numerically at the cell faces using the least squares cell based spatial 
discretization method combined with a second-order upwind scheme for a better accuracy. 
For the pressure interpolation scheme, Pressure-Staggering Option (PRESTO) is adapted 
to efficiently and accurately calculate the pressures during the closed-fracture acidizing 
process, this scheme is recommended for fluid flow in porous media. As for the 
momentum interpolation scheme, second-order upwind scheme is adapted to solve the 
momentum term and update the required velocities for a better accuracy. The optimum 
number of gird blocks was determined after several trial and error attempts to obtain the 




based on the type of formation that is dealt with. For calcite formation, time step size was 
in the range of 0.005 to 0.01 seconds to capture all the events that take place during the 
CFA dissolution process due to the accelerated reaction rate in the acid-calcite system. For 
dolomite formation, time step size was in the range of 0.1 to 0.5 due to the extremely slow 
reaction rate in the acid-dolomite system that provides tolerance for larger time steps 
without numerical divergence. And for the same reason, the number of grid blocks 
required for the calcite model is exponentially larger than the required number of grid 
blocks in the dolomite model as it will be demonstrated in the subsequent sections. 
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2.3. Model Development and Initialization 
2.3.1. Porosity Distribution Profile 
CFA model is a dual-permeability model that consists of the conductive fracture 
and the porous medium representing the formation. The constructed models are populated 
with natural porosity profiles from cores that represent the actual porosity distribution 
presented downhole. Three different cores are used in this study which are Indiana 
Limestone, Silurian Dolomite, and Guelph Dolomite. Table 2.1 shows the properties of 
the mentioned cores used in this study. 
Table 2.1 – Rock properties of different cores. 
Core Sample Porosity Permeability (md) 
Indiana Limestone 0.158 4.00 
Silurian Dolomite 0.170 50.66 
Guelph Dolomite 0.109 0.53 
 
Initial porosity field in the domain was obtained from Computed Tomography 
(CT) scans of the mentioned cores to study the variations in mineralogy and permeability. 
Dry and wet CT scans are measured from the apparatus for different core samples that are 
mentioned in Table 2.1 to generate the porosity profiles using Eq. 2.17 (Akin and 
Kovescek, 2003). 




Accordingly, three different porosity profiles are generated for Indiana Limestone, 




Fig. 2.3, Fig. 2.4, and Fig. 2.5 show the histogram and porosity distribution generated by 
CT scans for Indiana Limestone, Silurian Dolomite, and Guelph Dolomite, respectively. 
The porosity distributions were utilized to initialize the porous domain for several models 
that were developed to validate the CFA models and to conduct parametric study for the 
constructed calcite and dolomite CFA models. For dolomite porosity distributions, two 
models were developed to study the effect of permeability which are high-permeability 
dolomite (HPD) and low-permeability dolomite (LPD). The HPD model adapts the 
porosity profile shown in Fig. 2.4 which belongs to Silurian Dolomite core, while the LPD 
model adapts the porosity profile shown in Fig. 2.5 which belongs to Guelph Dolomite 
core. Two calcite models were developed for this study which are the validation model of 
fracture-conductivity experiment and CFA-Calcite model that is used to conduct the 
parametric study on CFA process in calcite formation. Both models adapt the porosity 
profile shown in Fig. 2.3 which belongs to tight Indiana Limestone core. 
 






Fig. 2.4 – Histogram and porosity distribution of high-permeability Dolomite 
(HPD) generated from CT scan of Silurian Dolomite core. 
 
 
Fig. 2.5 – Histogram and porosity distribution of low-permeability Dolomite (LPD) 




2.3.2. Fracture-Conductivity Model for Validation 
A three-dimensional CFD model was constructed to validate the developed CFA 
model in capturing the acid-etching pattern and wormholing phenomenon. The validation 
model is developed based on the actual dimension of a modified API conductivity cell 
with a body dimension of 10x3.25x8 in. with 7.25x1.75 in. hole. The model has a length 
of 7.11 in., a thickness of 3 in., a width of 1.61 in., and a fracture aperture of 0.12 in. to 
allow the acid to flow into the fracture and etch the fracture’s surfaces. The model is 
validated with the experimental work that was conducted by Pournik et al. (2013), in 
which the effect of acid-spending was investigated on the etching pattern and acid-fracture 
conductivity. The model is populated with the porosity distribution shown in Fig. 2.3 of 
Indiana Limestone that has a porosity of 0.158 and a permeability of 4 md to match the 
core that was used in the experimental work. Fig. 2.6 shows the developed validation 
model with the specified dimensions and porosity distribution. The developed model has 
1.8 million grid blocks to capture the dissolution process accurately. 
 




The matching criteria in this study is based on a qualitative relationship between 
the straight HCl and gelled HCl with low polymer loading that was presented in the 
experimental work. The fluid used in the study is a straight HCl with different acid 
concentrations of 5, 10, and 15 wt%. To depict the experimental procedures, a flow rate 
of 1 L/min was used in the model with an injection duration of 15 minutes. The 
temperature used was 150°F. 
For the initial conditions, zero acid flux and zero acid concentration were imposed 
in the computational domain. 
For the boundary conditions, the fracture inlet at the bottom of the model was used 
as a velocity inlet as shown in Fig. 2.6. The fracture outlet at the top of the model was set 
as a pressure outlet. As for the sides of the model, the imposed boundary conditions were 
constant mass flux to control the leakoff of the acid as in the experimental work. Table 
2.2 shows the leakoff rates and mass fluxes of different acid concentrations that were used 
in the experimental work done by Pournik et al. (2013). As for the other interfaces, wall 
condition is imposed in all of them. 
Table 2.2 – Leakoff rates and mass fluxes of different acid concentrations used in 
the simulation cases. 
Simulation 
Cases 
Leakoff Rate Controlled 
in the Experiments 
(ft/min) 
Density Measured 




15 wt% HCl 0.0035 1.07 1.4761E-05 
10 wt% HCl 0.006 1.11 2.6251E-05 





 As for the simulation parameters, the reaction exponent equals 0.63 from Lund et 
al. (1975), and the 15 wt% HCl viscosity at 150⁰F is 0.65 cp (Nishikata et al., 1981). As 
for the values of initial mean pore size, initial interfacial area per unit volume, constant in 
dispersion correlation, and constants in axial dispersion correlation and in transversal 
dispersion correlation, they were extracted from the simulation study conducted by 
Maheshwari and Balakotaiah (2013). Acid diffusion coefficient and surface reaction rate 
are estimated initially from Fig. 1.1 and Eq. 1.6, respectively. Then, the values are 
calibrated to acquire a qualitative match between the experimental work and the 
simulation study as demonstrated in section 3.1. Table 2.3 summarizes the simulation 
parameters used in the validation study with the experimental work. 
Table 2.3 – Simulation parameters used in the validation study at 150°F. 
Simulation Parameters, Unit Value 
Initial average porosity (ε) 0.158 
Initial average permeability (k), md 4 
Initial mean pore size (rp
o
), μm 1 
Initial interfacial area per unit volume (av
o
), cm-1 50 
Pore connectivity parameter (γ) 1 
Pore broadening parameter (β) 1 
Rock density (ρ
s
), g/cc 2.71 






Surface reaction exponent (n) 0.63 
Acid diffusion coefficient (D
m
), cm2/s 2.5E-4 
15 wt% HCl viscosity (μ), cp 0.65 
Constant in dispersion correlation (α
os
) 0.5 
Constant in axial dispersion correlation (λ
x
) 0.5 







2.3.3. Closed-Fracture Acidizing Model 
The main model for this study is the closed-fracture acidizing “CFA” model. 
Several CFA models were developed to study different parameters and to cover different 
mineralogical compositions. The study covers the closed-fracture acidizing operation on 
limestone formation; which is predominantly composed of calcite mineral, and dolostone 
formation; which is predominantly composed of dolomite mineral. 
3D CFD models were developed to study the parameters that affect CFA 
operations for vertical and horizontal wells, with and without natural fractures. Initial 
porosity field in the domain was obtained from Computed Tomography (CT) scans of 
different cores shown in Table 2.1. Fracture was imposed in the model as a high 
porosity/permeability conduit, as shown in Fig. 2.7. The figure shows the CFA model 
developed for dolomite formation and for vertical and horizontal wells with 1.83 and 1.73 
million grid blocks, respectively. A concentrated grid pattern around the area of fracture 
was imposed to capture the wormholing phenomenon during CFA. It was extended to 
cover the calcite formation as well with 6.7 million grid blocks, since the reaction kinetics 
of HCl-Calcite system is exponentially larger than HCl-Dolomite system, so that it 
requires larger number of grid blocks to cover the accelerated dissolution process during 
CFA operation. The model has dimensions of 0.2 meter length, 0.2 meter width and 0.1 
meter height. Wellbore radius in the model for both vertical and horizontal wells is 0.02 
meters. To alleviate the need of large number of grids and computational capabilities, only 




calculated from Eq. 1.1 utilizing the Carman-Kozeny correlation (1956) to convert 
porosity to permeability as shown in Eq. 2.14. 
 
Fig. 2.7 – CFD model dimensions and number of grids. A) Vertical well model. B) 
Horizontal Well Model. Reprinted with permission from SPE-191440-18IHFT-MS. 
 
For Calcite formation, a CFA model was developed using the porosity profile 
shown in Fig. 2.3. A horizontal well was imposed in the model with the mentioned 
dimensions as shown in Fig. 2.8. For Dolomite formation, Four models were developed 
for this study which are A) vertical well with high-permeability dolomite (HPD) 
distribution, B) horizontal well with high-permeability dolomite distribution, C) 
horizontal well with low-permeability dolomite (LPD) distribution and D) horizontal well 





Fig. 2.8 – CFA model for Calcite formation illustrating the total number of grid 
blocks. 
  
The porosity distribution of vertical well HPD model is presented in Fig. 2.9A. 
Horizontal well model was populated with two different porosity distributions which are 
HPD and LPD shown in Fig. 2.4 and Fig. 2.5, respectively.  
Natural fractures were studied using the LPD model. Fig. 2.9B shows the model 
dimensions and the total number of grids for the horizontal model. Fig. 2.9B shows the 
porosity distribution of horizontal well HPD model. The horizontal well model was 
initialized with LPD distribution to depict tight dolomite formation. Fig. 2.9C and Fig. 
2.9D show the porosity distribution of horizontal well LPD model. Fracture conductivity 
analysis was carried out for the same horizontal LPD model with different fracture 




University (TAMU) High Performance Research Computing (HPRC) clusters to benefit 
from the parallel processing. 
 
Fig. 2.9 – Porosity distribution of CFA models. A) Vertical well HPD model. B) 
Horizontal well HPD model. C) Horizontal well model LPD model. D) Horizontal 
well model LPD model (injection inlet view). Reprinted with permission from SPE-
191440-18IHFT-MS. 
 
In the current study, CFA operations in Calcite and Dolomite formations at 150°F 
were studied. For calcite model, the simulation parameters presented in Table 2.3 were 
used after the process of calibration with the validation model. The simulations are 
terminated after an injection period of 10 minutes which considered to be the average 




For dolomite model, the simulation parameters presented in Table 2.4 (Ali and 
Nasr-El-Din, 2019) were used. Most of the parameters are acquired from the same sources 
that were used to establish the calcite model. Simulations are terminated when the pressure 
drop is 100 times less than the initial pressure drop, this happens when acid fingers reach 
the sides (outlet) of the model. 
Table 2.4 – Simulation parameters used in the HPD and LPD models at 150°F. 
Simulation Parameters, Unit Value 
Initial average porosity (ε) for HPD model 0.170 
Initial average porosity (ε) for LPD model 0.109 
Initial average permeability (k) for HPD model, md 50.66 
Initial average permeability (k) for LPD model, md 0.53 
Initial mean pore size (rpo), μm 1 
Initial interfacial area per unit volume (avo), cm
-1 50 
Pore connectivity parameter (γ) 1 
Pore broadening parameter (β) 1 
Rock density (ρ
s
), g/cc 2.77 






Surface reaction exponent (n) 0.65 
Acid diffusion coefficient (D
m
), cm2/s 5E-4 
15 wt% HCl viscosity (μ), cp 0.65 
Constant in dispersion correlation (α
os
) 0.5 
Constant in axial dispersion correlation (λ
x
) 0.5 







To study the effect of temperature on the CFA-Calcite model, acid diffusion 
coefficient is estimated from Fig. 1.1 for temperature values of 100°F and 200°F. Surface 
reaction rate constant is calculated from Eq. 1.6 for the same range of temperatures given 
an activation energy of 62.8 KJ/mol for the dissolution of calcite in HCl acid (Lund et al., 
1975). The values of diffusion coefficient are corrected by linear interpolation of the 
estimated parameters with the calibrated parameters of the validation model to maintain 
same trend. Densities and viscosities of HCl for 100°F and 200°F are extracted from the 
experimental work done by Nishikata et al. (1981), assuming constant acid density and 
viscosity with respect to concentration. Table 2.5 illustrates the simulation parameters 
used in the CFA-Calcite model for different temperatures. 





100 150 200 
Acid Diffusion 
Coefficient (Dm) from 
Fig. 1.1, cm2/s 




1.59E-04 2.5E-4 3.64E-04 
Surface Reaction Rate 
Constant (ks) from 
Eq. 1.6, cm/s 
0.0273 0.2 1.084 
15 wt% HCl Density 
(ρ), g/cc 
1.1 1.096 1.084 
15 wt% HCl Viscosity 
(μ), cp 




3. MODEL VALIDATION 
 
Two-scale continuum model was proved to be a robust model in capturing the 
process of acid dissolution in calcite and dolomite rocks, and the resulting wormholing 
patterns under different conditions (Akanni et al., 2017; Ali and Nasr-El-Din, 2019). This 
model is extended to cover the acid etching and wormholing phenomena for closed-
fracture acidizing in calcite and dolomite. The developed CFA model is validated with the 
experimental work that covers the effect of different acid concentrations on etching 
patterns during acid fracturing (Pournik et al., 2013). In the experimental work, gelled acid 
was used to study the acid etching on Indiana Limestone with a permeability of 4 md and 
acid injection rate of 1 L/min at 150°F. The simulation runs adapted the same experimental 
conditions as demonstrated in section 2.3.2. An important point to highlight is that the 
laser profilometer which is used to characterize the acid etching on fractures faces has a 
limitation in measuring the depth profile of the etching pattern up to 0.5 inch, and so the 
apparatus is unable to identify the wormholes that were caused by the leakoff etching. The 





 Where wetched is the average etched width of the fracture, EVpre-acidizing is the surface 
volume of the etched fracture face before acidizing, EVpost-acidizing is the surface volume of 
the etched fracture face after acidizing, and AFracture is the surface area of the fracture. The 
numerator of Eq. 3.1 can be calculated using the convex hull algorithm in MATLAB that 




fracture which is the denominator of Eq. 3.1 is given by the dimensions of the modified 
API conductivity cell that was elaborated in section 2.3.2. 
The objective of this study is to come up with a qualitative matching between the 
results of the experimental work and the simulation runs that establishes the relationship 
between the straight HCl and gelled HCl by comparing the etched surface profile and the 
average etched width of the two acid systems. 
Imposing the suitable boundary conditions in Table 2.2 on the fracture-
conductivity model in Fig. 2.6 and using the simulation parameters described in Table 2.3 
to depict the conditions of the experimental work, the validation model was run for 15 
minutes and with several simulation scenarios that cover different acid concentration 
including 5, 10, and 15 wt% HCl. 
 




Fig. 3.1 illustrates the wormholing phenomenon of 15 wt% HCl simulation run on 
the validation model. Wormholes are associated with the acid leakoff into the formation 
during the fracture acidizing process. It can be noticed that there is a single dominant 
wormhole propagated from the fracture into the boundary to satisfy the imposed boundary 
condition of 0.0035 ft/min on the leakoff direction of the fracture conductivity cell used 
in the experiment. Fig. 3.2 shows the acid etching on the fracture surface for the 15 wt% 
HCl simulation run on the validation model.   
 
Fig. 3.2 – Etched surface profile caused by 15 wt% HCl on the fracture face in the 
validation model. 
 
To further asses the ability of the two-scale continuum model in capturing the acid 





 Fig. 3.3 shows the etched surface profile of 15 wt% HCl on the fracture surface in 
both modeling and experimental results. The results coincide with the observations 
obtained from the previous works in the literature. In the experimental work, the type of 
acid etching is channel etching which is typical for gelled HCl system that is characterized 
with a large channel in the middle of the fracture surface due to the concentrated acid 
species [H+] at the acid front during the dissolution process. In the modeling results, the 
type of acid etching is roughness etching which is typical for straight HCl system. The 
figure also shows the average etched width of both works with the modeling etched width 
calculated from Eq. 3.1, and it shows that the straight HCl system induces rougher and 
more erratic surface pattern than the gelled HCl system, and that observation aligns with 
the results demonstrated in the literature. 
 
Fig. 3.3 – Acid Etching of 15 wt% HCl on the fracture surface. A) Fracture-
conductivity model. B) Experimental results from Pournik et al. 2013. Reprinted 
with permission from SPE-136217-PA. 
 
 Fig. 3.4 illustrates the wormholing phenomenon of 10 wt% HCl simulation run on 




dominant as the previous case because of the lower acid concentration. It can be observed 
that the wormholing phenomenon follows the same trend where the wormholes are 
concentrated around the vicinity of the injection inlet.  
 
Fig. 3.4 – Acid wormholing of 10 wt% HCl on the fracture-conductivity model. 
  
 Fig. 3.5 illustrates the acid etching on the fracture surface for the 10 wt% HCl 
simulation run on the validation model. It can be observed that the surface etching profile 
is not as erratic as the acid etching with 15 wt% HCl. Also, the wormholes propagated 
from the fracture in this case do not extend to the model boundaries as most of the acid 
was consumed by etching the fracture surface, this dissolution pattern indicates that the 




concentration as acid leakoff is a function of acid concentration and formation 
permeability which is very low in this study (4 md). 
 
Fig. 3.5 – Etched surface profile caused by 10 wt% HCl on the fracture face in the 
validation model. 
  
Comparing the results of 10 wt% HCl simulation run with the experimental work, 
Fig. 3.6 shows the etched surface profile of 10 wt% HCl on the fracture surface in both 
modeling and experimental results. Pournik et al. (2013) deduced that the acid etching 
pattern for gelled HCl shifts from channel etching to roughness etching as the acid is 
consumed during the dissolution process, and that explains the surface etching profile 
shown in the figure for the experimental work. As for the modeling, it can be observed 




qualitative trend as the experimental result. Moreover, the average etched width caused 
by the straight HCl is greater than the etched width generated by gelled HCl. This behavior 
is common for the straight HCl as the diffusion coefficient of straight HCl is much larger 
than the diffusion coefficient of gelled HCl due to the high viscosity of gelled HCl that 
hinders the diffusion process of [H+] from the bulk to the surface of the fracture. 
 
Fig. 3.6 – Acid Etching of 10 wt% HCl on the fracture surface. A) Fracture-
conductivity model. B) Experimental results from Pournik et al. 2013. Reprinted 
with permission from SPE-136217-PA. 
 
As for the 5 wt% HCl case, Fig. 3.7 illustrates the wormholing phenomenon of 5 
wt% HCl simulation run on the validation model. There are no wormholes propagated 
from the fracture in this case due to the very low acid concentration that was completely 
consumed in etching the fracture surface without being able to react with the formation to 
induce the wormholes. Typically, wormholes are induced by the acid leakoff into the 
formation with a flow direction that is perpendicular to the direction of the flow in the 
fracture. Moreover, formation permeability plays a key role in controlling acid leakoff into 





Fig. 3.7 – Acid wormholing of 5 wt% HCl on the fracture-conductivity model. 
  
 Fig. 3.8 illustrates the acid etching on the fracture surface for the 5 wt% HCl 
simulation run on the validation model. The etched surface profile caused by acidizing 
with 5 wt% HCl did not produce a desirable rough surface, and the surface is almost 
smooth due to the extremely low reactivity of the acid system. Fig. 3.9 shows the etched 
surface profile of 5 wt% HCl on the fracture surface in both modeling and experimental 
results. The results of the experimental work and the simulation run are aligned together 
in which the 5 wt% straight HCl and gelled HCl did not etch the fracture surface 
vigorously to produce rough surface. Also, the average etched width for both cases are 









Fig. 3.9 – Acid Etching of 5 wt% HCl on the fracture surface. A) Fracture-
conductivity model. B) Experimental results from Pournik et al. 2013. Reprinted 





It was demonstrated in this study that the two-scale continuum model can capture 
the etching of the acid to the fracture surface and the womholing phenomenon caused by 
the leakoff etching of acid into the formation. Fig. 3.10 summarizes the simulation runs 
done on the validation model for different acid concentrations. It can be observed that the 
process of acid etching on the fracture surface becomes less vigorous as the acid 
concentration decreases. Wormholes that propagated during fracture acidizing are 
concentrated in the injection inlet area where the acid is reacting with the formation rapidly 
to induce these wormholes which causes the acid to leakoff into the formation. 
Wormholing density decreases with the decrease in acid concentration indicating the low 
reactivity of the acid to etch the fracture surface and induce wormholes. 
 
Fig. 3.10 – Summery of the different acid etching patterns with respect to acid 




Fig. 3.11 shows the average etched width caused by fracture acidizing with 
different acid concentrations. This figure can provide a qualitative relationship between 
the straight HCl system and the gelled HCl system. Straight HCl system is typically 
associated with an extensive dissolution of the fracture at the injection inlet area, and that 
can be supported by the experimental work on fracture-conductivity cell done by Nieto et 
al. (2008) in which the fracture conductivity experiment was done on Indiana Limestone 
core sample for 15 wt% HCl at 300°F, and it shows that the fracture-conductivity 
experiment of straight HCl yields extensive dissolution pattern at the area around the 
injection inlet with a significant enlargement of etched-fracture width, taking into 
consideration that the surface profilometer has a limitation of scanning the etched surface 
in the vertical direction at a range of 0.5 inch. 
 
Fig. 3.11 – Average etched width of the fracture surface for different acid 
concentrations with a comparison between the validation model results and the 




While the 15 wt% straight HCl system reacts rapidly with the fracture surface to 
produce erratic surface profile by acid roughness etching, the 15 wt% gelled HCl used in 
the experiment induces lower average etched profile than the straight HCl system because 
of the channel etching mechanism of gelled acid, and that explains the significant 
difference in the etched width between the two acid systems. Decreasing acid 
concentration causes a total reduction in acid etching on fracture surface, and that is 
noticeable in Fig. 3.11 due to the low concentration of [H+] species dispersed in the 
aqueous solution that is responsible for the low reactivity of the acid system. At the lowest 
acid concentration of 5 wt% HCl, the average etched width of both acid systems is 
matched with very small difference between the values, and that is aligned with the 
common observation of any acid system with very low acid concentration using in acid 
fracturing stimulation. Overall, the straight HCl system tends to produce a vigorous and 
more erratic etched fracture surface than any of the retarded acid systems, and this 
phenomenon has been captured successfully using the developed model that adapt the two-




4. CLOSED-FRACTURE ACIDING IN CALCITE FORMATION 
 
In this section, closed-fracture acidizing was studied thoroughly in calcite 
formation using the model shown in Fig. 2.8 and the simulation parameters demonstrated 
in Table 2.3. Acid is injected in the closed-fracture at injection rates shown in Table 4.1. 
Field injection rates were obtained by assuming a fracture geometry of 0.5 in. aperture and 
a wellbore radius of 0.3 ft, then multiplying the injection velocity with the injection area 
of the fracture to obtain the field injection rate. This actual fracture geometry was used to 
upscale the numbers used in the model and be able to relate with a real CFA operation in 
the field. Since the model used in this study has a tremendous number of grid blocks, the 
model was run for an injection period of 10 minutes which considers an average time 
period for a conventional CFA operation. 
Table 4.1 – Acid injection rates used in the CFA-Calcite model. 
Injection Velocity 
(m/s) 
Field Injection Rate 
(GPM) 
Total Injection Volume 
(Gallons) 
0.0045 12.09 120.9 
0.008 21.50 215 
0.045 120.90 1209 
 
A parametric study of several parameters was conducted and covered in this 
section including the effect of injection rates, acid concentration, fracture conductivity, 
and temperature. Then, an analysis of dimensionless parameters was conducted to 
comprehend and understand the dissolution process during CFA operation and the 




4.1. Effect of Acid Concentration 
Hydrochloric Acid was injected in the closed-fracture with concentrations of 15, 
20, and 28 wt% at a temperature of 150°F. The imposed fracture in the model has a 
conductivity of 7000 md-ft calculated from Eq. 1.1 and Eq. 2.14. This high fracture 
conductivity value was used in this section to study the effect of acid concentration solely 
on the CFA process without the interruption of flow impedance from the acid fracture 
conductivity. Fig. 4.1 shows the results of the simulation runs of CFA-Calcite model for 
different acid injection rates and acid concentrations for an injection time of 10 minutes. 
The figure demonstrates different dissolution pattern for different cases. At injection rates 
12.09 and 21.5, the acid is flowing dominantly in the fracture without enough momentum 
to leakoff and flow into the formation. This dissolution phenomenon suggests a face 
dissolution on the fracture morphology without inducing dominant wormholes that 
propagate from the fracture. At an injection rate of 120.9 GPM, the flow rate was very 
high which provides the acid with enough momentum to percolate into the formation and 
react with the formation to create wormholes. In the case of high flow rate, the flow in the 
formation competes with the flow in the fracture which allows the acid to leakoff into the 
formation and reach the breakthrough state, in which the acid reaches the side boundaries 
of the model. Because of the accelerated reaction rate between HCl and calcite, the acid 
did not expand the width of the fracture in the case of 120.9 GPM injection rate as the acid 
was able to flow into the formation and react with it, unlike the case of lower injection 
rates where the acid was reacting mainly with the fracture. At 28 wt% HCl, the acid was 




injection inlet even for the cases of lower injection rates. This dissolution behavior 
indicates that the acid was highly reactive in a way that allows the acid to leakoff into the 
formation, especially around the vicinity of the injection inlet. 
 
Fig. 4.1 – Dissolution pattern and wormholes propagation in CFA-Calcite model for 
different acid injection rates and acid concentrations with a fracture conductivity 
of 7000 md-ft at 150°F. 
 
The dissolution phenomenon of HCl-calcite system can be assessed thoroughly by 
investigating the acid concentration profile in the fracture. Fig. 4.2 shows the acid 




concentration and injection rates. At injection rates of 12.09 and 21.50 GPM, the acid 
concentration profile exhibit smooth gradient which indicates the acid dissolution of the 
closed-fracture and the acid is reacting mainly with the fracture without leaking into the 
formation. At an injection rate of 120.9 GPM, the acid concentration profile in the fracture 
shows sharp gradients which indicate the existence of live acid inside the fracture because 
of the large volume injected during the injection period of the acid in the closed-fracture. 
This behavior demonstrates the existence of the wormholes that allow the acid to leakoff 
into the formation leaving some area in the fracture unstimulated, especially in the case of 
28 wt% HCl. Sharp gradient in acid concentration profile in the fracture can be observed 
as well in the case of 28 wt% HCl, this distinguishable decline in the acid concentration 
indicates that the acid is reacting rapidly with the formation at the moment of acid-
formation contact which induces wormholes that propagate from the fracture allowing the 
acid to flow into them prior to acid flow into the fracture. 
 
Fig. 4.2 – Acid concentration profile of the fracture in CFA-Calcite model with a 




It can be observed that this decline pattern is associated with the wormholes 
propagated during the acid dissolution of the closed-fracture. This phenomenon can be 
explained by the rapid reaction rate between the HCl-calcite system that allows the acid 
to react instantaneously during the injection of the acid in the fracture. Wormholing 
phenomenon in the demonstrated cases indicates that the acid induces wormholes that 
propagate from the fracture in the cases of high injection rates and/or high acid 
concentrations. 
 
4.2. Effect of Fracture Conductivity 
In the previous section, a highly conductive fracture was imposed in the model to 
study the effect of acid concentration on the closed-fracture acidizing process. In This 
section, A fracture with low conductivity of 275 md-ft was imposed in the model using 
Eq. 1.1 and Eq. 2.14, and a comparison is made between the results of high-conductivity 
fracture and low-conductivity fracture with acid injection duration of 10 minutes at 150°F. 
For the low-conductivity fracture, simulation runs of CFA-Calcite model includes 
the injection of straight HCl with concentrations of 15 and 28 wt%. Fig. 4.3 shows the 
results of the simulation runs done on the CFA-Calcite model with low-conductivity 
fracture for different injection rates and acid concentrations. Unlike the previous case of 
the high-conductivity fracture, there are wormholes that propagated from the fracture at 
injection rates of 12.09 and 21.5 GPM of both 15 and 28 wt% acid concentrations. This 
wormholing phenomenon indicates that an early acid leakoff into the formation occurred 




the flow in the fracture due to the low fracture conductivity. In this case, wormholes 
initiated during the acid leakoff into the formation, and the acid contributed to grow these 
wormholes instead of flowing into the fracture which leaves significant unstimulated area 
in the fracture. At acid injection rate of 120.9 GPM, it can be observed that the acid has 
reached the state of breakthrough, and there is a single dominant wormhole that propagate 
from the fracture that allows the acid to flow into the formation and to reach the boundaries 
of the model. It can also be observed that the acid did not stimulate the whole fracture 
although the injection rate was highly enough to provide the acid with the required 
momentum, this is due to the initiated wormholes that was created from the beginning of 
CFA process allowing the acid to flow into the formation readily. 
 
Fig. 4.3 – Dissolution pattern and wormholes propagation in CFA-Calcite model for 
different acid injection rates and acid concentrations with a fracture conductivity 





The previous results can be supported further by investigating the acid 
concentration profile in the fracture. Fig. 4.4 shows the acid concentration profile of the 
fracture with a conductivity of 275 md-ft for different acid concentration and injection 
rates. The results differ significantly from the results of 7000 md-ft fracture conductivity. 
At 15 wt% HCl concentration, it can be observed that the acid is not reacting with the 
fracture due to the existence of live inside the fracture at injection rates of 12.09 and 21.5 
GPM as shown in the figure, this is due to the acid leakoff into the formation at the 
beginning of CFA operation. At 28 wt% HCl concentration, a sharp acid concentration 
gradient can be observed at injection rates of 12.09 and 21.5 GPM in the closed-fracture 
indicating significant acid leakoff into the formation as discussed previously. High acid 
concentration in the case of lower injection rates has contributed in the acid flow in the 
fracture, and that the 28 wt% acid concentration displaced the acid even further in the 
fracture than the 15 wt% acid concentration as the acid was more reactive than the previous 
case. At an injection rate of 120.9 GPM, the acid already reached the state of breakthrough 
at the early stage of acid injection in the closed-fracture, this can be indicated from the 
sharp gradient in the acid concentration profile with the acid is intensively concentrated at 
the injection inlet area. From the simulation results of 120.9 GPM injection rate, the time 
required for the acid to breakthrough and reach the boundaries of the model in the case of 
7000 md-ft fracture conductivity is 3 minutes for 15 wt% HCl and 2.2 minutes for 28 wt% 
HCl, while the time required for the acid to breakthrough in the case of 275 md-ft fracture 




the flowing time of acid to reach the breakthrough state in the model can yield significant 
information on the dissolution process of the acid to the fracture during CFA operation. 
 
Fig. 4.4 – Acid concentration profile of the fracture in CFA-Calcite model with a 
fracture conductivity of 275 md-ft at 150°F. 
 
To further understand the wormholing phenomenon during CFA operation, the 
total acid volume injected to breakthrough in the CFA-Calcite model is plotted versus acid 
concentrations for fracture conductivities of 7000 and 275 md-ft as shown in Fig. 4.5. It 
can be observed from the plot that larger acid volumes required for the acid to 
breakthrough in the model for the case of high fracture conductivity and low acid 
concentration, since the fracture in this case is the dominant conduit in the domain for the 
flow of acid in the model, and the acid is reacting predominantly with the fracture which 
will be consumed in that process because of the low acid concentration to begin with. As 
the acid concentration increase and/or fracture conductivity decrease, acid will get more 
opportunity to leak into the formation either due to the reactivity of the acid system 
because of its high concentration or due to the competition in the acid flow in the domain 
between the flow in the formation or the flow in the low-conductivity fracture. This 




the boundaries of the model. It can be observed from the plot that there is insignificant 
difference between the results of the two fracture conductivities in term of the total 
required acid volumes to breakthrough. This behavior is due to the high reaction rate of 
HCl-calcite system which allows the acid to react rapidly with the formation and induce 
wormholes that contribute to the flow of acid into the formation. 
 
Fig. 4.5 – Total acid volume injected to breakthrough in CFA-Calcite model for 
different acid concentrations and fracture conductivities at an injection rate of 
120.90 GPM and a temperature of 150°F. 
 
4.3. Effect of Formation Temperature 
The study that was conducted so far in the previous sections covers the parametric 
effects on CFA operation at a formation temperature of 150°F. The simulation parameters 
in CFA-Calcite model is modified with the temperature-related parameters demonstrated 






























Formation temperature has a direct effect on the simulation parameters used in the 
two-scale continuum model. Temperature increase in the medium leads to an increase in 
acid diffusivity and reaction rate constant of the acid-rock system, and it leads to a 
decrease in acid density and acid viscosity. Fig. 4.6 shows the results of the simulation 
runs done on the CFA-Calcite model with 15 wt% HCl concentration and low-
conductivity fracture for different injection rates and formation temperatures. It can be 
observed that temperature has a significant impact on the dissolution pattern and 
wormholing phenomenon of the acid during CFA operation. At a temperature of 100°F, a 
smooth dissolution pattern is associated with the acid front in the fracture along with a 
significant number of wormholes propagated during the dissolution process, this 
phenomenon is due to the low acid diffusivity and surface reaction rate associated with 
100°F temperature that allows the acid to leak into the formation first, and then it starts to 
react with the fracture and the formation inducing wormholes. As temperature increases 
in the medium, the dissolution pattern associated with the acid front becomes sharper and 
pointy indicating rapid dissolution during acid injection. It can also be observed that the 
number of wormholes propagated from the fracture decreases with the increase in 
temperature which indicates the rapid acid consumption during the acid flow into the 
formation. Since the fracture conductivity in this study is low which promotes acid leakoff 
into the formation, the increase in temperature tends to accelerate the reaction in the HCl-
calcite system which constrains the acid from flowing into the formation, and let it be 




acid even further during the acid flow in the fracture. This phenomenon can be observed 
by investigating the simulation results at 200°F temperature in the elaborated figure. 
 
Fig. 4.6 – Dissolution pattern and wormholes propagation of 15 wt% HCl in CFA-
Calcite model for different acid injection rates and formation temperatures with a 
fracture conductivity of 275 md-ft. 
 
 To further asses the dissolution process of the acid in the CFA-Calcite model, Fig. 
4.7 shows the acid concentration profile of the fracture after injecting 15 wt% HCl for 10 




temperatures. At a temperature of 100°F, the gradient of acid concentration profile in the 
fracture is smooth indicating decelerated dissolution of acid during the CFA process. As 
temperature increases in the domain, the acid concentration profile in the fracture exhibits 
sharp gradients with rapid decline in the value of acid concentration indicating rapid 
reaction and dissolution during the acid injection process. It can be observed that sharp 
and pointy patterns are associated with the acid front in the fracture as temperature 
increases in the medium. An important point to highlight is that the wormholing density 
in the fracture decreases with the temperature increase in the domain, this phenomenon 
can be observed at temperatures of 150°F and 200°F in the red-colored area concentrated 
around the vicinity of the injection inlet. Acid leakoff takes place regardless of formation 
temperature as discussed previously. However, temperature enhances the process of 
wormholes creation by the accelerated reaction between the acid and the formation. 
 
Fig. 4.7 – Acid concentration profile of the fracture after injecting 15 wt% HCl for 
10 minutes in CFA-Calcite model with a fracture conductivity of 275 md-ft at 





At an injection rate of 120.9 GPM, the acid reached the side-boundaries of the 
model which indicates the breakthrough of acid as a sign of dominant flow of acid in the 
wormholes prior to the fracture. The time required for the acid to reach the state of 
breakthrough decreases with the increase in temperature, as the durations required for acid 
breakthrough in the model are 5.75 minutes for a temperature of 100°F, 2.6 minutes for a 
temperature of 150°F, and 1.4 minutes for a temperature of 200°F at an injection rate of 
120.9 GPM. This phenomenon is due to the decrease in wormholing density as the 
temperature increases in the domain. Wormholing density is a function of acid 
concentration, fracture conductivity and temperature, this can be proved by plotting the 
total injected volume of acid to breakthrough in the model with different formation 
temperatures as illustrated in Fig. 4.8. For a temperature of 100°F, acid leakoff takes place 
from the virtue of low fracture conductivity, but the wormholes propagated as a result of 
acid leakoff will take some time to be generated depending of acid diffusivity and reaction 
rate constant of the system. In the case of low temperature, the acid will leak into the 
formation generating multiple wormholes as a result of the decelerated reaction rate due 
to the low temperature. As temperature increases, acid diffusivity and the reaction rate 
constant will increase and accelerate the acid dissolution in the model at the start of acid 
injection. This dissolution process will lead to a smaller number of wormholes generated, 
and the acid will grow these few wormholes to be propagated from the fracture until they 
reach the boundaries of the model which will result in less total acid volume injected to 
breakthrough as demonstrated in the figure. This conclusion related to wormholing density 




temperature model which assumes no transient heat transfer process occurring in the 
model and ignoring the effect of the generated heat from the reaction of HCl-calcite 
system. 
 
Fig. 4.8 – Total acid volume injected to breakthrough for 15 wt% HCl in CFA-
Calcite model for different temperatures and a fracture conductivities of 275 md-ft 
at an injection rate of 120.90 GPM. 
 
4.4. Analysis of Dimensionless Parameters 
The analysis of dimensionless quantities is important in identifying the 
mechanisms of acid dissolution and the reaction regime governing the wormholing 
phenomenon during CFA operation. Three dimensionless parameters were covered in this 
study that demonstrate the coupling between the flow mechanics of the acid and its 
reactivity with the medium, these dimensionless numbers are Peclet number, kinetic 





























transport rate to the diffusive mass transport rate of the acid species. In acid fracturing, 
Peclet number is defined in Eq. 4.1 as described in designing acid fracturing jobs made 





Where NPe is leakoff Peclet number, and vL is leakoff velocity. Peclet number 
characterizes the acid leakoff velocity during the acid flow in the fracture. At low values 
of Peclet number, the dominant acid transport mechanism is the diffusive mass transport 
and the acid concentration decreases rapidly during the acid flow in the fracture. At high 
values of Peclet number, the dominant acid transport mechanism is the convective mass 
transport and the acid concentration is conserved to penetrate deeper in the fracture. Acid 
leakoff velocity can be obtained from the simulation runs of CFA-Calcite model as the 
perpendicular component of the injection velocity vector which is transversal to the 
direction of the fracture. 
Kinetic number is the ratio of acid-rock reaction rate to the acid diffusion rate 






Where Nki is the kinetic number, rw is the wormhole radius, and C0 is the acid 
concentration at wormhole entrance. Kinetic number can also be called wormholing 
efficiency number. At high values of kinetic number, the acid spending rate is diffusion-
controlled that is defined as the reaction regime in which the reaction rate is much higher 
and faster than the acid diffusivity in the medium, this reaction regime results in deeper 




values of kinetic number, the acid spending rate is reaction-controlled that is defined as 
the reaction regime in which the reaction rate of acid-rock system is much lower and 
slower than the acid diffusivity, and the overall acid spending rate is controlled by the 
reaction kinetics (Buijse, 2000). A diffusion-controlled regime is the main drive for acid 
leakoff into the formation to take place, and it is essential for wormholing to occur during 
the CFA process. Calcite formation exhibits a very high acid-rock reaction rate and so, it 
is characterized by diffusion-controlled regime. Wormhole radius can be obtained from 
the simulation runs of CFA-Calcite model as shown in Fig. 4.1, Fig. 4.3, and Fig. 4.6, and 
initial acid concentration at wormhole entrance can be obtained from the acid 
concentration profiles in the fracture as shown in Fig. 4.2, Fig. 4.4, and Fig. 4.7. 
The acid reaction with the rock is called mass transport limited when the reaction 
rate of acid-rock system is relatively higher that the acid mass transfer rate. On the other 
hand, the reaction is called reaction rate limited when the acid mass transfer rate is 
relatively higher than the reaction rate of acid-rock system. For mass transport limited 
reaction in the case of HCl-calcite system, Damköhler number is the ratio of the reaction 
rate that is characterized by the diffusion coefficient for a mass transport limited reaction 
and the rate of reactant transport by convection (Hoefner and Fogler, 1989). Damköhler 





 Where NDa is the Damköhler number. This description of Damköhler number 
includes both Peclet number and kinetic number formulations which can be used to 




Damköhler number, live acid will penetrate deeper in the fracture before being consumed 
resulting in steep acid concentration profile. At low values of Damköhler number, the acid 
concentration profile in the fracture will exhibit sharp front due to very rapid acid spending 
at the tip of acid dissolution front in the fracture, and this acid spending phenomenon will 
be associated with significant leakoff of acid into the formation due to inability of the acid 
to penetrate deeper in the fracture during acid injection in the closed-fracture. 
 Given all the parameters that are used or obtained from the simulation runs of 
CFA-Calcite model, the three dimensional quantities can be calculated for different 
injection rates, acid concentrations, fracture conductivities, and formation temperatures. 
Fig. 4.9 shows Peclet numbers obtained from the simulation runs of CFA-Calcite model 
for different acid injection rates, acid concentrations, and fracture conductivities. It can be 
observed that Peclet number increases with the increase in the acid injection rate due to 
the increase in the associated acid leakoff velocity. Peclet numbers for high acid 
concentrations is always higher than the Peclet numbers for low acid concentrations at the 
same fracture conductivity due to the accelerated acid leakoff process into the formation 
caused by the reactivity of the acid with high concentrations. Low-conductivity fracture 
exhibits higher Peclet numbers than high-conductivity fracture, since the fracture with 
low-conductivity promotes high acid leakoff into the formation, and hence the acid 
induces wormholes due to acid leakoff which can compete with the acid flow in the 
fracture at certain wormholing density in the medium. It can be observed that at higher 
values of Peclet numbers, acid can penetrate deeper into the fracture giving that a high 





Fig. 4.9 – Peclet number for different acid injection rates, acid concentrations, and 
fracture conductivities in the CFA-Calcite model. 
 
To assess the wormholing phenomenon associated with the CFA process, 
Damköhler number should be investigated. Fig. 4.10 shows Damköhler numbers obtained 
from the simulation runs of CFA-Calcite model for different acid injection rates, acid 
concentrations, and fracture conductivities. Generally, Damköhler number is low for very 
high acid injection rate due to the high acid leakoff velocity, it also indicates that the 
dissolution process of the fracture is governed by the convective forces of the acid which 
leads a sharp gradient in acid concentration profile as demonstrated previously. High acid 
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fracture conductivity due to the increase in acid leakoff into the formation caused by the 
rapid reaction between the acid system and the formation that induces deep wormholes 
propagated from the fracture. For low-conductivity fracture, a peak point exists at the 
range of intermediate acid injection rates. This point indicates an intensive wormhole 
growth around the vicinity of the injection inlet characterized by high Damköhler number 
with relatively low acid injection rate which allows the acid to flow easily into the 
formation to grow the propagated dominant wormhole due the low conductive fracture in 
the medium. At high-conductivity fracture, Damköhler number exhibits straight-line 
decline with respect to acid injection rate because of the nonexistence of dominant and 
deep wormhole that allows the acid to flow into the formation in which the acid spending 
occurs at the fracture surfaces giving that the acid has low concentration. It can be 
concluded that injecting the acid at low rates for CFA operations might not be the wisest 
choice because of the acid leakoff that occurs at high Damköhler number due to the 
initiation of dominant and deep wormholes around the area of injection inlet that promote 
extensive acid flow into the formation leaving significant area of the fracture unstimulated, 
especially in the low conductive fracture. Also, it is not recommended to inject the acid at 
high rates because of surface smoothing phenomenon that promotes the acid to dissolve 
the asperities that hold the fracture open and create the required fracture conductivity. The 
results shown in this section coincide with the results demonstrated in the previous section. 
The cases that have high values of Damköhler number such as low acid concentration, low 
injection rate, and high fracture conductivity exhibit smooth acid concentration profile in 




Damköhler number such as high acid concentration and low fracture conductivity exhibit 
sharp acid concentration profile in the fracture with acid consumption close to the injection 
inlet area that is associated with deeper wormholes propagated from the fracture. 
 
Fig. 4.10 – Damköhler number for different acid injection rates, acid 
concentrations, and fracture conductivities in the CFA-Calcite model. 
 
Formation temperature has a great impact om the parameters related to acid 
dissolution and reaction mechanism such as acid diffusivity and reaction rate of acid-rock 
system. Fig. 4.11 shows the results of Peclet number obtained from the simulation runs of 
15 wt% HCl in CFA-Calcite model at different formation temperatures and a fracture 
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increase in formation temperature. Temperature increase in the medium leads to an 
increase in acid diffusivity, and hence Peclet number decreases. This effect is coupled with 
the increase in acid leakoff due to the increase in the total acid injection rate during CFA 
process. It is worth to mention that the increase in temperature changed the dissolution 
regime of the acid-rock system. At a temperature of 200°F, the diffusion coefficient 
increases significantly as demonstrated in Table 2.5, and hence Peclet number decreases 
the dissolution regime changed from diffusion-controlled reaction regime to reaction-
controlled regime in which acid leakoff occurs regardless of acid injection rate due to the 
rapid reaction that takes place during acid injection. 
 
Fig. 4.11 – Peclet number of 15 wt% HCl injected at different rates in the CFA-















This can be observed through the change in slope line between the Peclet number 
of 200°F and the Peclet number of other temperatures. To ascertain the wormholing 
phenomenon associated with CFA operation at different formation temperatures, 
Damköhler number is investigated. Fig. 4.12 shows the results of Damköhler number 
obtained from the simulation runs of 15 wt% HCl in CFA-Calcite model at different 
formation temperatures and a fracture conductivity of 275 md-ft. 
 
Fig. 4.12 – Damköhler number of 15 wt% HCl injected at different rates in the 
CFA-Calcite model with different formation temperatures and a fracture 
conductivity of 275 md-ft. 
 
It can be observed from Fig. 4.12 that Damköhler number increases with the 














Although the fracture conductivity in this study is low, the peak points can only be 
observed at the temperatures of 150°F and 200°F. The peak points on the curves of 150°F 
and 200°F temperatures are associated with the initiation of dominant and deep wormholes 
that propagated from the fracture during CFA operation. This point does not exist on the 
curve of 100°F temperature as it is a straight line with very low values of Damköhler 
number which indicates that there is no dominant wormhole growth in the domain, and 
the low Damköhler number for the case of 100°F indicates the change in the dissolution 
regime from the conventional diffusion-controlled regime in calcite formations to 
reaction-controlled regime that is independent on acid injection rate. It can be concluded 
that the results of Damköhler numbers for different temperatures align with the results that 
was discussed in the previous section of the temperature effect on CFA process. High 
temperatures exhibit high values of Damköhler number that are associated with sharp acid 
concentration profile in the fracture with extensive acid leakoff into the formation. While 
low temperatures exhibit low value of Damköhler number that are associated with smooth 






5. CLOSED-FRACTURE ACIDING IN DOLOMITE FORMATION3 
 
In this section, closed-fracture acidizing was studied thoroughly in dolomite 
formation. Two CFA models were developed in this study that adapt the same model scale 
and dimensions as the one studied in calcite section, these models are vertical well model 
and horizontal well model to study the effect of well geometry on CFA operation. For the 
vertical well model, the model is populated with the porosity distribution profile that 
belongs to Silurian Dolomite core shown in Fig. 2.4. While for the horizontal well model, 
the model is populated with two different porosity distribution profiles which are the HPD 
model populated with Silurian Dolomite porosity distribution shown in Fig. 2.4 and LPD 
model populated with Guelph Dolomite porosity distribution shown in Fig. 2.5 to study 
the effect of formation permeability on CFA operation. The CFA models are demonstrated 
in the Methodology section. 
 
5.1. Pressure Profile of CFA-Dolomite Models 
After initializing the models with the desired porosity distribution profiles. The 
models are run in an algorithmic sequence to apply two-scale continuum approach and 
solve for the transport equations and porosity evolution during CFA for each time step 
which is defined in Eq. 5.1 as, 
                                                 
3 Partially reprinted with permission from “Acid Wormholing in Multistage Acid Fractured Wells 
Completed in Tight Naturally Fractured Dolomite Formation: Benefits and Impacts on Acid Fracturing 
Stimulation Design” by K. Aldhayee, M. Ali, and H. Nasr-El-Din, 2019. SPE-191440-18IHFT-MS, 




𝑇𝑖𝑚𝑒 𝑆𝑡𝑒𝑝 = 0.5 × 𝐴𝑐𝑡𝑢𝑎𝑙 𝐹𝑙𝑜𝑤𝑖𝑛𝑔 𝑇𝑖𝑚𝑒 (𝑠𝑒𝑐𝑜𝑛𝑑𝑠)…………………………….(5.1) 
For each time step, Total Pressure (TP) is calculated in ANSYS FLUENT using 
PISO scheme for the solution of pressure-velocity coupling. The simulation parameters 
used to solve the equations in all CFA-Dolomite models are shown in Table 2.4. For each 
simulation run, different conditions are imposed in the model with different acid injection 
rates. Pressure profile for each run is recorded as a graph of relative pressure versus time 
step. Relative pressure (RP) of specific time step is defined in Eq. 5.2 as, 




For example, running the horizontal well LPD model for 28 wt% HCl injected at 
12.09 GPM yields the pressure profile as shown in Fig. 5.1. The pressure profile 
demonstrates the flow pattern of acid during CFA. First, slight increase in the total 
pressure indicating the injection of acid in the fracture with no reactions taking place 
between the acid system and the dolomite matrix existed in the fracture. When the reaction 
takes place and the acid starts to flow in the formation as a result of acid leakoff out of the 
fracture, the pressure decreases from the initial trend indicating the initiation of wormholes 
in the model. As the flow of acid proceeds in the fracture, the wormholes that were 
initiated will grow until it reaches a point where the flow of acid in the wormholes 
competes the flow in the fracture and a significant amount of acid will propagate in the 
formation. Finally, the acid will reach the boundaries of the model and the total pressure 
decreases 100 times of its initial value indicating that the acid reached the state of 
breakthrough. For the simulation models, the initial conditions are zero velocity field in 




injection velocity at the injection inlet and no flow boundary imposed at the top, bottom 
and front side of the model. The lateral sides of the model are the outlets of the model in 
which acid flux and pressure equals zero. 
 
Fig. 5.1 – Pressure Profile of horizontal LPD model after injecting 28 wt% HCl at 
injection rate of 12.09 GPM 
 
5.2. Vertical Well Performance 
Acid is injected in the closed-fracture at injection rates shown in Table 5.1. Field 
injection rates were obtained by assuming a fracture geometry of 0.5 inch aperture and 10 
feet height, then multiplying the injection velocity with the injection area of the fracture 
to obtain the field injection rate. 
Table 5.1 – Acid injection rates used in the CFA-Dolomite vertical well model. 
Reprinted with permission from SPE-191440-18IHFT-MS. 
Injection Velocity 
(m/s) 










At very low injection rate (0.49 GPM), acid concentration has significant effect on 
wormholing during CFA as illustrated in Fig. 5.2. Wormholes were initiated after injecting 
69.5 gallons of 15 wt% HCl while they were initiated after injecting 5.11 gallons of 28 
wt% HCl. The reason for this behavior of wormholing phenomena is that the dissolution 
process is controlled by the acid diffusion and how strong the acid system is. 
 
Fig. 5.2 – Wormholes initiation during CFA process of 0.49 GPM with different 
acid concentrations in CFA-Dolomite vertical well model. 
 
Fig. 5.3 demonstrates the pressure profile for the vertical well model utilizing 
different injection rates and acid concentrations. The pressure profile follows a general 
trend for all the rates and concentrations as it decreases very slowly at the early time steps 
indicating a dominant flow of acid in the fracture. The first sharp decrease of the pressure 




indicates the initiation of wormholes and the starting point where the acid flows 
significantly in the formation which leads to the wormhole growth until the acid reaches 
the breakthrough state of relative pressure equals to 0.01. 
 
Fig. 5.3 – Pressure profiles of the CFA-Dolomite vertical well model illustrating 
different injection rates and acid concentrations. 
 
At 4.91 GPM injection rate, Wormholes were initiated after injecting 12.3 gallons 
of 15 wt% HCl while they were initiated after injecting 8.2 gallons of 28 wt% HCl. Fig. 




can be noticed that the dissolution pattern and the initiation of wormholes have the same 
shape for both 15 wt% HCl and 28 wt% HCl, but the higher acid concentration accelerates 
the dissolution process which will require less total injected volume of acid. 
 
Fig. 5.4 – Wormholes initiation during CFA process of 4.91 GPM with different 
acid concentrations in CFA-Dolomite vertical well model. 
 
As for the breakthrough state of 4.91 GPM, the injected volume to breakthrough 
for 15 wt% HCl is 163 gallons while the injected volume to breakthrough for 28 wt% HCl 
is 88 gallons. Fig. 5.5 shows the dissolution pattern and wormholes growth at the state of 
breakthrough for 4.91 GPM with different acid concentrations in vertical well model. The 
same conclusion can be drawn here is that the dissolution patterns for both concentrations 
(15 wt% HCl and 28 wt% HCl) have the same dissolution pattern but the higher 




concentration accelerated the dissolution process with less required volume of injected 
acid.  
 
Fig. 5.5 – Breakthrough state of 4.91 GPM with different acid concentrations in the 
CFA-Dolomite vertical well model. Reprinted with permission from SPE-191440-
18IHFT-MS. 
 
At 49.10 GPM injection rate, the injection velocity is high, and the acid is 
penetrating the formation at the beginning of acid injection in the closed-fracture. Fig. 5.6 
shows the dissolution pattern of the closed fracture and the initiation of wormholes for 
49.10 GPM for both 15 wt% HCl and 28 wt% HCl. The dissolution patterns are identical 
and the required injected volumes for both acid concentration to initiate wormholes are 
close to each other because the dissolution process is controlled by surface reaction 




between the acid and the formation, and since the formation is dolomite and the reaction 
is too slow between HCl and dolomite, it needs certain amount of time to create wormholes 
in the formation.  
 
Fig. 5.6 – Wormholes initiation during CFA process of 49.10 GPM with different 
acid concentrations in the CFA-Dolomite vertical well model. 
 
As for the breakthrough state of 49.10 GPM, the injected volume to breakthrough 
for 15 wt% HCl is 327.2 gallons while the injected volume to breakthrough for 28 wt% 
HCl is 225 gallons. Fig. 5.7 shows the dissolution pattern and wormholes growth at the 
state of breakthrough for 49.10 GPM with different acid concentrations in vertical well 
model. In this case, wormholes are concentrated at the inlet of acid injection face, and they 
are not distributed evenly along the fracture area as in the case shown in Fig. 5.5. The 




injection rate is very high that the flow in the formation is competing with the flow in the 
fracture even though the fracture is highly conductive. 
 
Fig. 5.7 – Breakthrough state of 49.10 GPM with different acid concentrations in 
the CFA-Dolomite vertical well model. Reprinted with permission from SPE-
191440-18IHFT-MS. 
 
Fig. 5.8 shows the required acid volume for 15 wt% HCl and 28 wt% HCl to 
initiate wormholes at different injection rates. At very low injection rate, the acid 
concentration has significant effect on wormholing phenomena in CFA since the 
dissolution process is dominated by acid diffusion. Fig. 5.9 shows the required acid 
volume for 15 wt% HCl and 28 wt% HCl to breakthrough at different injection rates. The 
total injected acid volume required to breakthrough for 28 wt% HCl is always less than 




the total injected acid volume required to breakthrough for 15 wt% HCl. Higher acid 
concentration accelerates the dissolution process given that the dissolution patterns are the 
same for both acid concentrations. The reason for this behavior is that the formation is 
dolomite and the dissolution process is controlled by the surface reaction between the acid 
system and the formation which is too slow and depend highly on acid concentration and 
soaking time of acid in the formation. As a conclusion, 28 wt% HCl is utilized for the 
subsequent sections as it is effective in the dissolution process of dolomite formation. 
 
Fig. 5.8 – Wormholes initiation of 15 wt% HCl and 28 wt% HCl injected at 
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Fig. 5.9 – Total acid injected volume to breakthrough of 15 wt% HCl and 28 wt% 
HCl injected at different rates in CFA-Dolomite vertical well model. Reprinted 
with permission from SPE-191440-18IHFT-MS. 
 
5.3. HPD Horizontal Well Performance 
Acid is injected in the closed-fracture at injection rates shown in Table 5.2. Field 
injection rates were obtained by assuming a fracture geometry of 0.5 inch aperture and a 
wellbore radius of 0.3 feet, then multiplying the injection velocity with the injection area 
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Table 5.2 – Acid injection rates used in the CFA-Dolomite horizontal well model. 
Reprinted with permission from SPE-191440-18IHFT-MS. 
Injection Velocity 
(m/s) 







At very low injection rate (2.15 GPM), the wormholing phenomenon that occurs 
in the fracture is similar to the wormholing phenomenon that occurs in the cores during 
coreflooding with low injection rate which is face dissolution. Fig. 5.10 shows the 
dissolution of the fracture after injecting 28 wt% HCl for a certain duration of time. It can 
be noticed that the acid flow is favorable in the fracture rather than the formation since the 
momentum of acid is not highly enough for the acid to propagate through formation; hence 
no wormholes have been formed. However, the acid is reacting with fracture walls and 
expanding them which results in face dissolution pattern in the fracture. 
 
Fig. 5.10 – Dissolution of the acid-fracture at 2.15 GPM acid injection rate of 28 




Fig. 5.11 shows the pressure profile of the horizontal model illustrating different 
injection rates for 28 wt% HCl and demonstrates the wormholes initiation in the model 
and the state of breakthrough for each acid injection rate. 
 
Fig. 5.11 – Pressure profiles of the HPD horizontal well model illustrating different 
injection rates of 28 wt% HCl. 
 
For 12.09 GPM injection rate, the wormholes initiation occurs after injecting 50.4 
gallons as shown in Fig. 5.12. Before reaching breakthrough state, the wormholes that 
were initiated will grow as the acid travels certain distance in the fracture, and then the 
acid flows even further in the wormholes as it competes with the fracture in the flowing 




breakthrough is 775 gallons, and it can be noticed that the wormholes are concentrated at 
the injection inlet and parallel to the direction of the horizontal well as shown in Fig. 5.14. 
The top view of Fig. 5.14 shows extensive dissolution of the fracture at the injection inlet 
indicating face dissolution pattern. 
 
Fig. 5.12 – Wormholes initiation of 28 wt% HCl injected at 12.09 GPM in HPD 
horizontal well model. 
 
 
Fig. 5.13 – Acid flow in the fracture and wormholes growth before reaching the 






Fig. 5.14 – Breakthrough state of 28 wt% HCl injected at 12.09 GPM in the HPD 
horizontal well model. Reprinted with permission from SPE-191440-18IHFT-MS. 
 
For 21.50 GPM injection rate, the wormholes initiation occurs after injecting 71.6 
gallons as shown in Fig. 5.15. Before reaching breakthrough state, the wormholes that 
were initiated are distributed evenly across the fracture area and developing as the acid 
flow through the fracture as shown in Fig. 5.16. At the state of breakthrough, the acid 
volume required to breakthrough is 796.9 gallons and it can be noticed that the wormholes 
are developed at certain distance in the fracture and not only concentrated in the injection 
inlet as shown in Fig. 5.17. 
 
Fig. 5.15 – Wormholes initiation of 28 wt% HCl injected at 21.50 GPM in HPD 





Fig. 5.16 – Acid flow in the fracture and wormholes growth before reaching the 




Fig. 5.17 – Breakthrough state of 28 wt% HCl injected at 21.50 GPM in the HPD 
horizontal well model. Reprinted with permission from SPE-191440-18IHFT-MS. 
 
For 120.90 GPM injection rate, the wormholes initiation occurs after injecting 




at the beginning of acid injection in the closed-fracture, and the delayed time of wormholes 
initiation is caused by the slow reaction between HCl and dolomite system. At the state of 
breakthrough, the acid volume required to breakthrough is 1108 gallons and the 
wormholes are evenly distributed along the fracture area with approximately same 
geometry as shown in Fig. 5.19. 
 
Fig. 5.18 – Wormholes initiation of 28 wt% HCl injected at 120.90 GPM in HPD 
horizontal well model. 
 
 
Fig. 5.19 – Breakthrough state of 28 wt% HCl injected at 120.90 GPM in the HPD 




5.4. Effect of Well Geometry 
In the previous sections, vertical well model and horizontal well model has been 
discussed separately. Fig. 5.20 illustrates the pressure profiles of both models for 28 wt% 
HCl injected at different injection velocities. Injection velocities were investigated in this 
section to demonstrate the effect of injection area on CFA. Fig. 5.21 and Fig. 5.22 can be 
generated from the pressure profile shown in Fig. 5.20. From Fig. 5.21, it can be concluded 
that wormholes initiation requires less acid volume in vertical wells than horizontal wells 
because of the large injection area in the vertical wells that is available for the acid to flow. 
From Fig. 5.22, the total acid volume required to breakthrough for the vertical well model 
is always less than the total acid volume required to breakthrough for the horizontal well 
model for the same mentioned reason. 
 
Fig. 5.20 – Pressure Profiles of vertical well model and HPD horizontal well model 





Fig. 5.21 – Wormholes initiation in vertical well model and HPD horizontal well 
model for 28 wt% HCl injected at different rates. 
 
 
Fig. 5.22 – Total acid volume injected to breakthrough in vertical well model and 
HPD horizontal well model for 28 wt% HCl injected at different rates. Reprinted 
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5.5. LPD Horizontal Well Performance 
In the previous sections, high-permeability dolomite was discussed in detail for 
both vertical well model and horizontal well model. In this section, low-permeability 
dolomite is discussed for horizontal well model, then a comparison will be made for the 
performance of low-permeability dolomite (LPD) and high-permeability dolomite (HPD). 
28 wt% HCl is utilized in this section injected at rates shown in Table 5.2. 
At very low injection rates (2.15 GPM), Fig. 5.23 demonstrates the dissolution of 
the fracture and the flow of the acid as it is mainly prioritizing the fracture during injection 
since flow is easier in the highly conductive fracture than the tight formation; hence no 
wormholes have been initiated. 
 
Fig. 5.23 – Dissolution of the acid-fracture at 2.15 GPM acid injection rate of 28 
wt% HCl in the LPD model. 
 
Fig. 5.24 shows the pressure profiles of the LPD model illustrating different 
injection rates of 28 wt% HCl demonstrating the wormholes initiation in the model and 





Fig. 5.24 – Pressure profiles of 28 wt% HCl injected at different rates in the LPD 
model. 
 
For 12.09 GPM injection rate, the wormholes initiation occurs after injecting 60.4 
gallons as shown in Fig. 5.25. Before reaching breakthrough state, the wormholes initiated 
at the injection inlet of the fracture are the only wormholes that will grow as the acid 
travels certain distance in the fracture as shown in Fig. 5.26. At the state of breakthrough, 
the acid volume required to breakthrough is 679.93 gallons and it can be noticed that the 
acid developed large and wide wormholes at the injection inlet of the fracture indicating 
significant growth of the wormholes that were initiated previously and that there are no 
new wormholes formed at the state of breakthrough as shown in Fig. 5.27. This 
wormholing phenomena indicates that the injection rate did not provide the acid with the 









Fig. 5.26 – Acid flow in the fracture and wormholes growth before reaching the 





Fig. 5.27 – Breakthrough state of 28 wt% HCl injected at 12.09 GPM in the LPD 
model. Reprinted with permission from SPE-191440-18IHFT-MS. 
 
For 21.50 GPM injection rate, the wormholes initiation occurs after injecting 62.6 
gallons as shown in Fig. 5.28. Before reaching breakthrough state, the acid was able to 
propagate through tight formation as it flows in the fracture and generates small 
wormholes along the fracture area as shown in Fig. 5.29. At the state of breakthrough, the 
acid volume required to breakthrough is 635.72 gallons, and it can be noticed that 
wormholes are distributed along the fracture area in which larger wormholes were 
generated at the injection inlet and were getting smaller as the acid flows in the fracture 
as shown in Fig. 5.30. This womholing phenomena indicates that the acid injection rate 
has provided the acid with the required flow momentum that enables the acid to propagate 









Fig. 5.29 – Acid flow in the fracture and wormholes growth before reaching the 






Fig. 5.30 – Breakthrough state of 28 wt% HCl injected at 21.50 GPM in the LPD 
model. Reprinted with permission from SPE-191440-18IHFT-MS. 
 
For 120.90 GPM injection rate, the wormholes initiation occurs after injecting 
302.2 gallons as shown in Fig. 5.31, it can be noticed that significant acid leak-off occurs 
at the beginning of injection and significant dissolution occurs around the vicinity of 
injection inlet. At the state of breakthrough, the acid volume required to breakthrough is 
1007.3 gallons and relatively large wormhole has been generated at the injection inlet 
compared to the smaller ones that were generated in the fracture as shown in Fig. 5.32. 
This dissolution behavior indicates that the injection rate was relatively high which 
provided the acid with the required flow momentum for the acid to flow evenly in the 
fracture and formation regardless the tightness of the dolomite formation. It can also be 
observed that there is a dominant and deep wormhole that propagate from the fracture 









Fig. 5.32 – Breakthrough state of 28 wt% HCl injected at 120.90 GPM in the LPD 




5.6. Effect of Formation Permeability 
In the previous sections, HPD and LPD models were discussed separately 
considering that the acid-fracture is highly conductive in both cases. Fig. 5.33 shows the 
pressure profile of both models for 28 wt% HCl demonstrating the onset of wormholes 
initiation and total injected volume required to breakthrough that can be deduced from the 
pressure profiles to generate Fig. 5.35 and Fig. 5.36. 
 
Fig. 5.33 – Pressure Profiles of both High-Permeability Dolomite (HPD) model and 
Low-Permeability Dolomite (LPD) model for 28 wt% HCl injected at different 
rates. 
 
Fig. 5.34 demonstrates the performance of HPD model and LPD model using 28 
wt% HCl injected at very low rate (2.15 GPM) during CFA operation. The simulation 




the fracture in LPD case and it is not propagating and reacting with formation since there 
is no enough flow momentum to allow the acid to penetrate and react with formation. 
Unlike the HPD case, the acid is flowing in the fracture while propagating in the formation 
and reacting with it. 
 
Fig. 5.34 – Comparison between HPD model and LPD model for 28 wt% HCl 
injected at rate of 2.15 GPM. 
 
Fig. 5.35 shows the total acid volume required to initiate wormholes in both 
models. It can be noticed that at low to intermediate injection rates, there are no significant 
difference in the required volume to initiate wormholes, as in these injection rates range, 
the acid will favor the fracture in the flow since the fracture has high conductivity. 
However, as the acid injection rate increases, the volume required to initiate wormholes 
in LPD model is larger than the HPD model because the flow of acid in the formation 
competes the flow in the fracture in HPD case while it is hard for the acid to flow in tight 





Fig. 5.35 – Wormholes initiation in HPD model and LPD model for 28 wt% HCl 
injected at different rates. 
 
Fig. 5.36 shows the total volume of injected acid required to breakthrough and it 
always requires larger volume to breakthrough in HPD case than the volume required to 
breakthrough in LPD case. Because in HPD case, the acid will generate multiple 
wormholes along the fracture area and will contribute to grow these wormholes as the 
flowing proceed which will require large acid volume to grow all these wormholes at the 
same time until it reaches the breakthrough state. However in the LPD case, the acid will 
contribute only in the growth of wormholes generated around the injection inlet since the 
acid flow in the tight dolomite formation is hard and it will only react with the dolomite 
matrix around the vicinity of injection inlet and will grow these wormholes until it reaches 
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Fig. 5.36 – Total acid volume injected to breakthrough in HPD model and LPD 
model for 28 wt% HCl injected at different rates. Reprinted with permission from 
SPE-191440-18IHFT-MS. 
 
5.7. Fracture Conductivity Analysis 
In the previous sections, a highly conductive fracture was investigated for all cases 
which is equal to 2100 md-ft. In this section, three different fracture conductivities are 
investigated for the LPD model at three acid injection rates which are 12.09 GPM, 21.50 
GPM and 120.90 GPM using 28 wt% HCl. The three fracture conductivities are 2100 md-
ft, 365 md-ft and 80 md-ft. 
Fig. 5.37 shows the pressure profiles of the LPD model illustrating the effect of 
different fracture conductivities using different injection rates of 28 wt% HCl. It can be 
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time for all cases regardless of fracture conductivities. It can also be noticed from the 
pressure profile that fracture conductivity affects the total acid volume injected to 
breakthrough for low and intermediate injection rates, but it has no effect on the total acid 
volume injected to breakthrough for high injection rate. 
 
Fig. 5.37 – Pressure profiles of the LPD model illustrating different fracture 
conductivities and different injection rates of 28 wt% HCl. 
 
For 12.09 GPM injection rate, the wormholes initiation occurs after injecting 60.4 
gallons for all fracture conductivities as shown in Fig. 5.38. It can be noticed from the 
figure that acid penetration distance in the fracture decreases with the decrease in fracture 




conductivity fracture since the flow in formation competes the flow in the fracture in the 
case of low conductivity. This behavior promotes significant dissolution and acid-rock 
reaction around the vicinity of injection inlet which generates extensive wormholes in the 
area of injection inlet. 
 
Fig. 5.38 – Wormholes initiation in CFA for 28 wt% HCl injected at rate of 12.09 
GPM in LPD model illustrating the effect of different fracture conductivities. 
 
Fig. 5.39 demonstrates the wormholing pattern as the acid is flowing in the fracture 
before reaching the breakthrough state. It can be noticed that the growth of wormholes is 
significant in the case of low conductivity fracture in which acid is extending the 




areas untouched. However, the acid flows in the fracture and generates smaller wormholes 
along the fracture area in case of high conductivity fracture. 
 
Fig. 5.39 – Acid flow in the fracture and wormholes growth before reaching the 
state of breakthrough for 12.09 GPM injection rate of 28 wt% HCl in the LPD 
model illustrating the effect of different fracture conductivities. 
 
At the state of breakthrough, the acid volumes required to breakthrough are 679.9 
gallons for 2100 md-ft fracture conductivity, 513.7 gallons for 365 md-ft fracture 
conductivity and 413 gallons for 80 md-ft fracture conductivity in which the total volume 
required to breakthrough is decreasing with decrease fracture conductivity as shown in 
Fig. 5.40. It can also be noticed the wormholing density in the case of low conductivity 
fracture is less than the case of higher conductivities and the acid did not stimulate large 





Fig. 5.40 – Breakthrough state of 28 wt% HCl injected at rate of 12.09 GPM in the 
LPD model illustrating the effect of different fracture conductivities. Reprinted 
with permission from SPE-191440-18IHFT-MS. 
 
For 21.50 GPM injection rate, the wormholes initiation occurs after injecting 71.63 
gallons for all fracture conductivities as shown in Fig. 5.41. Acid penetration distance in 
the fracture is decreasing with decrease fracture conductivity. Fig. 5.42 demonstrates the 
wormholing pattern as the acid is flowing in the fracture before reaching the breakthrough 
state. It can be noticed that acid is greatly contributing to wormholes growth in the case of 
low conductivity. The direction of wormholes growth is always parallel to the direction of 
the horizontal well which is perpendicular to the direction of acid flow in the fracture. 






Fig. 5.41 – Wormholes initiation in CFA for 28 wt% HCl injected at rate of 21.50 
GPM in LPD model illustrating the effect of different fracture conductivities. 
 
 
Fig. 5.42 – Acid flow in the fracture and wormholes growth before reaching the 
state of breakthrough for 21.50 GPM injection rate of 28 wt% HCl in the LPD 




At the state of breakthrough, the acid volumes required to breakthrough are 635.7 
gallons for 2100 md-ft fracture conductivity, 501.4 gallons for 365 md-ft fracture 
conductivity and 465.6 gallons for 80 md-ft fracture conductivity in which the total 
volume required to breakthrough is decreasing with decrease fracture conductivity as 
shown in Fig. 5.43. It can also be noticed in the case of low conductivity fracture that there 
is large and wide wormhole exist at the injection inlet indicating significant amount of 
acid has flowed in this wormhole leaving portion of fracture unstimulated. 
 
Fig. 5.43 – Breakthrough state of 28 wt% HCl injected at rate of 21.50 GPM in the 
LPD model illustrating the effect of different fracture conductivities. Reprinted 
with permission from SPE-191440-18IHFT-MS. 
 
For 120.90 GPM injection rate, the wormholes initiation occurs after injecting 




cases that significant dissolution occurs at the injection inlet regardless of fracture 
conductivities with low conductivity fracture being the largest dissolution. 
 
Fig. 5.44 – Wormholes initiation in CFA for 28 wt% HCl injected at rate of 120.90 
GPM in LPD model illustrating the effect of different fracture conductivities. 
 
At the state of breakthrough, the acid volume required to breakthrough is 1007.3 
gallons for all fracture conductivities since the high flow rate is dominating the dissolution 
process in which fracture conductivity has minimum effect as shown in Fig. 5.45. It can 
also be noticed in that the wormholing density in the low conductivity fracture is lower 
that the higher conductivity fracture which indicates significant flow in the formation 
compared to acid flow in the fracture. There is significant difference between the total 




rates. However, the total injected acid volumes for the cases of 120.90 GPM acid injection 
rates have not changed regardless of different fracture conductivities. 
 
Fig. 5.45 – Breakthrough state of 28 wt% HCl injected at rate of 120.90 GPM in the 
LPD model illustrating the effect of different fracture conductivities. Reprinted 
with permission from SPE-191440-18IHFT-MS. 
 
As a conclusion for the effect of fracture conductivity on wormholing during CFA, 
Fig. 5.46 demonstrates the effect of fracture conductivity on wormholes initiation for LPD 
model. It can be noticed that fracture conductivity has no effect on wormholing during 
CFA as this phenomenon depends solely on the reaction kinetics and diffusion coefficient 
between the acid system and the formation. It also depends on the formation permeability 
as shown in Fig. 5.35 and Fig. 5.36 since the permeability of formation controls the leakoff 
of acid in the formation; and hence the wormholing. And since dolomite formation exhibit 




dolomite system, the onset of wormholes initiation requires certain duration of time for 
the acid to react with the formation and induce the leakoff wormholes. 
 
Fig. 5.46 – Wormholes initiation in LPD model for 28 wt% HCl injected at 
different rates and for all fracture conductivities. 
 
Fig. 5.47 demonstrates the effect of different fracture conductivities on the acid 
volume injected to breakthrough in LPD model. At low injection rates, low fracture 
conductivity (80 md-ft) promotes extensive flow of acid in the formation which generates 
a single dominant wormhole with large diameter around the injection inlet, and that 
wormhole extends in the formation until the acid reaches the breakthrough state leaving 
significant portion of the fracture unstimulated. However, high conductivity fracture (2100 
md-ft) allows the acid to prioritize the fracture in the flow which generates smaller 




























in order for the acid to grow the small wormholes and propagate through formation to 
reach the breakthrough state. At high acid injection rates, the flow force is too high for the 
acid to flow in the fracture and formation equally without prioritizing the fracture or 
formation even in low conductivity fracture which gives the same required acid volume 
injected to breakthrough. It is important to highlight that fracture conductivity has 
significant effect on wormholing density. For low conductivity fracture, only single 
dominant wormhole was generated that grows to reach the boundaries of model. But for 
high conductivities, wormholes are generated and distributed along the fracture area 
indicating significant flow of acid in the fracture. 
 
Fig. 5.47 – Total acid volume injected to breakthrough in LPD model for 28 wt% 
HCl injected at different rates illustrating the effect of different fracture 
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5.8. Effect of Natural Fractures 
A total of six natural fractures were imposed in the model with same aperture and 
very high conductivity (1,576,258 md-ft). Two models were developed to study the effect 
of different natural fractures orientations with respect to the acid-fracture as shown in Fig. 
5.48.  
 
Fig. 5.48 – Two LPD models with 80 md-ft acid-fracture conductivity illustrating 
six parallel natural fracture (upper) and six transversal natural fractures (lower). 
Reprinted with permission from SPE-191440-18IHFT-MS. 
 
Three different acid injection rates were used in these two models and the 




natural fractures models in addition to the base case that was studied in the previous 
section. The base model is the horizontal well LPD model with 80 md-ft acid-fracture 
conductivity with no natural fractures existing in the model. The pressure profile indicates 
that natural fractures have no effect on wormholes initiation in the model as the pressure 
profile trend of the two natural fractures models follows the same trend as the one in the 
base case. However, natural fractures affect the total acid volumes required to 
breakthrough and to penetrate certain distance in the model as shown in the intersection 
of pressure profile with 0.01 relative pressure. 
 






At 12.09 GPM injection rate, Fig. 5.50 demonstrates the acid flow pattern in the 
acid-fracture and in the presence of natural fractures with different orientations after an 
injection time of 16.67 minutes. Acid leakoff takes place around the vicinity of injection 
inlet regardless on the existence of natural fractures, and whether they are parallel or 
intersecting with the acid-fracture. 
 
Fig. 5.50 – Acid flow in the two natural fractures models before reaching 





Fig. 5.51 demonstrates the state of breakthrough for the two models (parallel and 
transversal natural fractures) as the total acid volumes required to breakthrough are 413.1 
gallons for the base case, 453.4 gallons for parallel natural fractures and 388 gallons for 
transversal natural fractures. It can be observed that natural fractures which are parallel 
with the acid-fracture interfered with the flow and spending of acid as it required more 
injected volume to breakthrough than the base case. Because once the wormholes establish 
connection between the acid-fracture and natural fracture, acid will start to flow directly 
to the natural fracture and start to be consumed in stimulating the natural fractures leaving 
a considerable portion of acid-fracture unstimulated. However, it required fewer acid 
volumes in the case of transversal natural fractures as they assisted the acid flow to reach 
the model boundaries in a faster manner. It can be noticed in the case of transversal natural 
fractures that the intersected natural fracture did not control leak-off and does not prevent 
acid leak-off in the formation as the acid was able to establish connection with the two 
natural fractures that were located near the injection inlet which also happened to be the 
reason for not creating dominant and large wormholes around the injection inlet as in the 
base case shown in Fig. 5.51. In both natural fractures models, wormholing density has 
reduced significantly in the case of transversal natural fractures than the case of parallel 
natural fractures indicating that natural fractures have dominant effect and control in the 
flow of acid in the formation. Also, the far distant natural fractures from the injection inlet 
were left untouched by the acid as the close natural fractures took most of acid volumes 
creating flow networks between the acid-fracture and natural fractures from the acid 





Fig. 5.51 – The state of breakthrough for the parallel and transversal natural 
fractures models after injecting 28 wt% HCl at 12.09 GPM injection rate. 
Reprinted with permission from SPE-191440-18IHFT-MS. 
 
For 21.50 GPM injection rate, Fig. 5.52 demonstrates the acid flow pattern in the 
acid-fracture and in the presence of natural fractures with different orientations after an 




leakoff around the vicinity of injection inlet that took place in the case of 12.09 GPM acid 
injection rate. In this case, the acid injection rate was relatively higher than the acid 
injection rate used in the previous case, and so establishing flow network between the 
acid-fracture and natural fractures was faster and more efficient than the previous case. 
 
Fig. 5.52 – Acid flow in the two natural fractures models before reaching 





Fig. 5.53 demonstrates the state of breakthrough for the two natural fractures 
models as the total acid volume required to breakthrough is 465.8 gallons for the base 
case, 430 gallons for parallel natural fractures and 394.2 gallons for transversal natural 
fractures. In the case of parallel natural fractures, higher injection rate promotes faster 
connection between the acid-fracture and the nearest natural fracture located around the 
injection inlet which created a dominant flow network for the acid to flow through it and 
propagate in the formation to reach the boundaries of the model with minimum flowing 
distance which yielded lower volume required to breakthrough than the base case as a 
result of this flowing and dissolution pattern. In the case of transversal natural fractures, 
the phenomenon here is similar to what took place in the case of 12.09 GPM injection rate 
as the acid established permeable connection between the acid-fracture and the nearest 
natural fractures located around the injection inlet in which their transversal direction 
assisted the acid to flow toward the breakthrough boundaries which yields the lowest 
required volume to breakthrough. Wormholing density has decreased in the natural 
fractures cases with the transversal one being the minimum density. Although the injection 
rate has increased from the previous case, the intersected natural fractures in the 
transversal case did not prevent acid leak-off from the acid-fracture and the acid was able 
to induce wormholes that established connection between the acid-fracture and the natural 





Fig. 5.53 – The state of breakthrough for the parallel and transversal natural 
fractures models after injecting 28 wt% HCl at 21.50 GPM injection rate. 
Reprinted with permission from SPE-191440-18IHFT-MS. 
 
At 120.90 GPM injection rate, Fig. 5.54 demonstrates the state of breakthrough 
for the two natural fractures models as the acid volumes required to breakthrough are 
1007.5 gallons for the base case, 1007.5 gallons for parallel natural fractures and 554 
gallons for transversal natural fractures. In the case of parallel natural fractures, the high 
flow rate promotes significant acid leakoff in which the acid was able to establish 
connection between the acid-fracture and the nearest four natural fractures around the 
injection inlet, this acid flow pattern and dissolution phenomena creates a large flow 




that is the reason of the same volume of acid required to breakthrough in the base case and 
parallel natural fractures case. The configuration of natural fractures in this case have a 
significant role in controlling the flow of acid in the formation. However, unlike the 
parallel case in which the acid-fracture is connected with four natural fractures, the acid 
established connection with only two natural fractures in the transversal case as the very 
high rate allows the acid to flow to the nearest two natural fracturing in which their 
direction assisted the acid to reach the boundaries faster than the base case and the parallel 
case. And again, the same observation can be drawn for both acid leakoff and wormholing 
phenomena. 
 
Fig. 5.54 – The state of breakthrough for the parallel and transversal natural 
fractures models after injecting 28 wt% HCl at 120.90 GPM injection rate. 




Fig. 5.55 summarizes the effect of natural fractures presence and orientation on 
the total volume of acid required to breakthrough. At low injection rate, natural fractures 
that are parallel to the hydraulic fracture will control the flow of acid significantly as the 
direction of acid flow in the formation is perpendicular to this flow of acid in the natural 
fractures and this will require more acid volume to reach the breakthrough state, but in the 
transversal natural fractures, the natural fractures will assist the acid to flow in the same 
direction in the formation and will reach the model boundaries faster than the base case 
and parallel natural fractures case which will require less acid volume as a result. At the 
intermediate injection rate, the flow forces will allow the acid to propagate through tight 
dolomite and establish a connection with the nearest natural fracture in which the direction 
of the flow in natural fractures will not affect the acid flow in the formation as a result of 
the high momentum which will allow the acid to breakthrough with less volume required 
than the base case. However, the flow forces are not highly dominant in the intermediate 
injection rates as in the case of very high injection rate in which the acid establishes a 
connection with greater number of natural fractures that yields larger volume required to 
breakthrough in the case of high injection rates and parallel natural fractures. In the case 
of intermediate injection rate and parallel natural fractures, acid was able to establish 
connection with one natural fracture and that network became the dominant one in the 
flow. In the transversal natural fractures, it is always required less acid volume to 
breakthrough is the direction of these natural fracture align with the original direction of 
acid flow in the formation. It can also be concluded that the presence of natural fractures 




the orientation of natural fractures as it is always minimum wormholing density in the case 
of transversal natural fractures. Lastly, natural fractures that intersect the acid-fracture 
does not control acid leakoff or prevent acid flow in the formation since the most important 
factor that plays a key role in this phenomenon is the location of natural fractures with 
respect to the acid-fracture and its injection inlet. Natural fractures that are located near 
the injection inlet assist the acid in the flow which allow the acid to create dominant flow 
networks between the acid-fracture and natural fractures as the acid dissolution proceeds. 
 
Fig. 5.55 – Total acid volume injected to breakthrough in parallel and transversal 
natural fractures models for 28 wt% HCl injected at different rates. Reprinted with 
permission from SPE-191440-18IHFT-MS. 
 
5.9. Effect of Model Upscaling 
Upscaling the computational fluid dynamics model highlights the effect of acid 
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factor 10 and the new dimensions of the model are 2 meters length, 2 meters width and 1 
meter height. Acid injection rates in the upscaled model are 12.09 GPM, 21.50 GPM and 
120.90 GPM which are similar to the base case. The base model is the horizontal well 
LPD model with 80 md-ft acid-fracture conductivity. Fig. 5.56 demonstrates the state of 
breakthrough for the upscaled model after injecting 28 wt% HCl at 12.09 GPM injection 
rate. The total acid volume required to breakthrough for the low injection rate case is 413.1 
gallons for the base model and 1798 gallons for the upscaled model. The upscaling factor 
for the total injected volume is 4.35. It can be noticed that the acid generated only three 
dominant wormholes in the upscaled model that propagated and extended toward the 
model boundaries unlike the base model where there are several wormholes appeared on 
the fracture walls. Also, significant fracture area left unstimulated at the breakthrough state 
indicating extensive acid leakoff in the formation. 
 
Fig. 5.56 – The state of breakthrough for the upscaled model after injecting 28 wt% 





Fig. 5.57 demonstrates the state of breakthrough for the upscaled model after 
injecting 28 wt% HCl at 21.50 GPM injection rate. The total acid volume required to 
breakthrough for the intermediate injection rate case is 465.8 gallons for the base model 
and 2166.8 gallons for the upscaled model. The upscaling factor for the total injected 
volume is 4.65. The dissolution pattern and the wormholing phenomena in the upscaled 
model is approximately similar to the pattern existed in the base model, in which a single 
dominant wormhole is propagating from the fracture and extending toward the boundaries 
of model. Also, wormholing density and acid penetration distance in the fracture are 
approximately equal in both cases. 
 
Fig. 5.57 – The state of breakthrough for the upscaled model after injecting 28 wt% 





Fig. 5.58 demonstrates the state of breakthrough for the upscaled model after 
injecting 28 wt% HCl at 120.90 GPM injection rate. The total acid volume required to 
breakthrough for the high injection rate case is 1007.5 gallons for the base model and 
3021.9 gallons for the upscaled model. The upscaling factor for the total injected volume 
is 3. The dissolution pattern and womholing phenomenon in the upscaled model is 
different from the one in the base model in which several dominant wormholes are evenly 
distributed across the fracture area in the upscaled model, while only one single and large 
wormhole is propagating from the fracture in the base model. Wormholing density is 
larger in this case and the acid was able to travel long distance in the fracture which 
generates several wormholes along its flow path. 
 
Fig. 5.58 – The state of breakthrough for the upscaled model after injecting 28 wt% 





Fig. 5.59 shows the total inject acid volumes to breakthrough in the upscaled 
model and the base model. Even though the upscaling factor for the model is 10, the acid 
volumes required to breakthrough for low, intermediate and high injection rates are 
amplified by factors of 4.35, 4.65 and 3 respectively. This sheds light on the significance 
of model upscaling on the acid wormholing phenomenon in CFA, and a general trend can 
be concluded from the demonstrated results. For example, if the base model is upscaled 
by factor 100, the model dimensions will be 20 meters length, 20 meters width and 10 
meter height which will represent an actual field case. In that case, if the intermediate acid 
injection rate has been used, the anticipated volume will be up-scaled by a factor of 21.62 
according to the model. As a result, the volume required to breakthrough and to reach a 
distance of 10 meters from the acid-fracture in that case is 10071.76 gal which is equal to 
239.8 bbls. So in the case of multistage acid fracturing and the desired volume of injected 
acid during CFA is around 240 bbls, the spacing of acid fracturing stages should be higher 
than 10 meters (32.8 ft) to avoid the connection of these stages and the interference of 
their drainage area which will reduce the overall performance of the multistage acid 
fracturing completion. As a conclusion, model upscaling provides a qualitative 
relationship of acid injection rates and the total volumes of acid required to reach a specific 
distance from the fracture during CFA operation. This qualitative relationship contributes 
significantly in designing an optimum multistage acid fracturing treatment in determining 
the optimum spacing between the stages of acid fracturing and maximize the productivity 
of this treatment. Multiple factors need to be considered in this design such as the length 





Fig. 5.59 – Total acid volume injected to breakthrough in the up-scaled model for 
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6. CONCLUSIONS AND RECOMMENDATIONS4 
 
6.1. Conclusions 
A closed-fracture acidizing model was developed in this work using computational 
fluid dynamics techniques coupled with the two-scale continuum approach with Navier-
Stokes formulation that accurately describes the reactive mechanisms of the acid flow in 
the closed-fracture. Several CFA models were constructed and populated with different 
porosity distribution profiles of both calcite and dolomite formation to depict the actual 
porosity distribution and heterogeneity that exists in the target zone. The developed model 
was validated qualitatively with the experimental work done on the API fracture-
conductivity apparatus. A detailed sensitivity analysis has been made for several 
parameters that affect the performance of CFA on acid-fractured wells. Based on the work 
done on the simulation models, several points can be concluded: 
• The developed CFA model has matched qualitatively the results of the 
experimental work done on the API fracture-conductivity apparatus using the two-
scale continuum approach which successfully captured the dissolution process that 
is associated with fracture surface etching and wormholing phenomenon during 
the fracture acidizing process. 
                                                 
4 Partially reprinted with permission from “Acid Wormholing in Multistage Acid Fractured Wells 
Completed in Tight Naturally Fractured Dolomite Formation: Benefits and Impacts on Acid Fracturing 
Stimulation Design” by K. Aldhayee, M. Ali, and H. Nasr-El-Din, 2019. SPE-191440-18IHFT-MS, 




• A qualitative relationship was developed between the straight HCl and gelled HCl 
that can predict the average etched width across the fracture surface with the 
straight HCl yields larger etched fracture width. 
• The dissolution process and wormholing phenomenon in CFA that alters the 
fracture morphology is similar to matrix acidizing dissolution process that occurs 
in the carbonate cores during coreflooding. 
• Calcite formation is more sensitive to acid injection rate and acid concentration 
used to conduct CFA operation than the dolomite formation in terms of dissolution 
patterns and wormholing phenomenon occurs to the fracture due to high surface 
reaction rate of HCl-calcite system compared to the HCl-dolomite system. 
• Since calcite formation exhibits the diffusion-controlled reaction regime with the 
HCl acid, acid leakoff into the formation occurs in a fast manner at the start of acid 
injection into the closed-fracture. This phenomenon can be observed by the sharp 
gradient of the acid concentration profile in the fracture. 
• Temperature has a significant effect on the CFA performance in calcite formation. 
High formation temperatures tend to increase acid diffusivity and surface reaction 
rate of HCl-calcite system, and that promotes an extensive acid leakoff into the 
formation leading to an inefficient acid stimulation to the closed-fracture. Low 
formation temperatures reduce the acid diffusivity and surface reaction rate 
significantly. And thus, acid flows predominantly in the fracture which leads to an 
efficient stimulation job, and this can be observed by the smooth gradient of the 




• Through the dimensionless analysis of CFA process in calcite formation, it was 
proved from investigating Damköhler number that the low injection rate might not 
be the wisest choice to go for in treating calcite formation that exhibits the mass 
transfer limited reaction regime. This is due to the formation of dominant 
wormholes which propagate from the fracture that lead to significant acid leakoff 
into the formation at the start of CFA operation. It can also be concluded from 
Damköhler number investigation that low temperature has altered the reaction 
regime of HCl-calcite system from diffusion-controlled regime to reaction-
controlled regime that is insensitive to acid injection rate. 
• For dolomite formation, higher acid concentration accelerates the dissolution 
process and provides the same dissolution pattern as low concentrations with lower 
required acid volumes. The treatment of dolomite formation, in contrast with 
calcite formation, requires high acid concentrations and high soaking time with the 
acid because of its slow nature in the reaction with HCl. 
• Vertical wells require fewer acid volumes to initiate wormholes and to propagate 
through formation to reach breakthrough state than the horizontal wells because of 
the large injection area in vertical wells compared to the horizontal wells. 
• For tight formations, it requires fewer acid volumes to breakthrough as the acid 
contributes to grow the wormholes that were already initiated previously in the 
formation unlike the case of permeable formation. 
• For highly permeable formation, it requires larger acid volumes to reach the state 




surface during the flow of acid in the fracture, since it is easier for the acid to 
propagate through the high-permeable formation which requires larger acid 
volumes to grow all these wormholes and to reach the boundaries of the model. 
• Fracture conductivity has no effect on wormholes initiation in the formation since 
the initiation process is a function of injection rate, formation permeability and 
acid reactivity strength with the formation. However, fracture conductivity has 
significant effect on wormholing density and the distribution of wormholes along 
the fracture surface. Low fracture conductivities promote acid leakoff into the 
formation during CFA process. 
• The presence of natural fractures in the medium plays a key role in enhancing the 
overall efficiency of CFA operation if the injected acid in CFA was able to 
establish flow networks between the acid-fracture and the surrounded natural 
fractures depending on their orientations and locations. 
• Natural fractures orientation has significant effect at low acid injection rates which 
control the flow and propagation of acid into the formation. However, The effect 
of natural fractures orientation ceases as acid injection rate increases. 
• Natural fractures minimize the wormholes associated during CFA operation with 
the transversal ones being the minimum wormholing density. 
• Acid leakoff into the formation during CFA operation takes place in the vicinity 
of injection inlet regardless of the intersected natural fractures with the acid-
fracture, since acid leak-off is a function of formation permeability and the reaction 




• Model upscaling provides a qualitative trend for the developed CFA model to 
relate the total acid volumes used in the model with the total acid volumes that can 
be used in actual field scale. 
• Interpretation and anticipation of the desired injected volumes in CFA is important 
and critical in designing the multistage acid fracturing completion and estimating 
the optimum spacing distance between the acid fracturing stages to ensure that 
there is no interference or intersection between the drainage areas of these stages 
which will decrease the overall performance of multistage acid fracture 
completion. 
 
6.2. Recommendations for Future Work 
Limitations of the current work is provided in this section with the emphases that 
these limitations can be evolved into potential future works that can improve the efficiency 
of the developed models in this study. 
In this study, the developed models are saturated with only one single phase which 
is water. A single-phase flow in the domain does not represent the actual field application 
that exhibits multiphase flow phenomenon. The two-scale continuum model can be 
extended to cover the multiphase flow phenomenon by introducing the parameters related 
to fluid saturations and capillary pressures. This can be extended to cover the effect of the 
evolving carbon dioxide that is produced as a result of the reaction between the HCl and 




Straight HCl with no additives was only included in this study. It was proved 
previously in the literature that the two scale-continuum model is capable in capturing the 
physics and the chemistry associated with acid dissolution process in the rock matrix. 
However, the two-scale continuum model is limited to the application of straight acid. A 
future work can be done to extend the application of the two-scale continuum model to 
cover the reactive flow mechanisms of different acid systems such as organic acids and 
viscosified acid by either with polymers or viscoelastic surfactants. 
The developed models can be coupled with geomechanical models to include the 
effect of closure stresses and the stress field surrounding the fractured well. This is very 
important to accurately apply the fracture conductivity calculations and estimate the 
fracture conductivity decline with the closure stresses to show the effect of CFA on the 
overall acid fracturing design. 
A steady-state temperature model was imposed in this study to investigate the 
effect of temperature on the reaction and kinetics of HCl-rock system. For better accuracy, 
a transient heat transfer model can be coupled with the developed model to cover the 
cooling effect of the injected acid into the target zone and the heat emerged from the 
reaction of HCl with the formation that can reach up to 60°F as demonstrated in the 
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